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FOREWORD 

By Sir. A. Daniel Hall, K.C.B., M.A., LL.D., D.Sc., F.R.S., 

Director of the John Innes Horticultural Institution, Merton. 

The science of genetics is comparatively new, for it may be said 
to have received its first systematic basis on the general recognition 
of Mendel’s generalisations about the beginning of the present 
century. Mendel’s scheme of inheritance, with its insistence on the 
transmission from generation to generation of parental characters as 
units, provided a working basis which served to explain many of the 
facts that had been observed by the breeders of plants and animals. 
It also served as a guiding hypothesis to such Breeders and enabled 
them to obtain with some degree of certainty desired combinations 
of characters and to fix the new types. In the earlier years of 
investigation exceptions were numerous and only slowly yielded to 
explanation. Much still remains to be understood, but it may be 
claimed that all the later work goes to demonstrate the general truth 
of inheritance on mendelian lines. 

De Vries extended the theory by demonstrating that new 
characters may arise from time to time by “ mutations.” But the 
great forward step came with the association of the mendelian 
characters with the chromosomes of the nucleus, which provided 
a mechanism on which mendelian inheritance would work and a 
physical basis for the observed laws of inheritance. In all the more 
recent work genetical observations are correlated with chromosomal 
structure and behaviour. Genetics has now become one of the most 
rapidly developing sciences; the elucidation of the structure of the 
nucleus is of no less importance than the disclosure of the constitu¬ 
tion of the atom. So rapid has progress been that it is difficult for 
any but professional students to keep in touch with the literature, 
scattered as the papers are in many different periodicals. There are 
several excellent handbooks which set out clearly the prime mende¬ 
lian basis and its explanation by the chromosome theory of heredity. 
The present book aims at an exposition of the more recent develop- 
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ments of the theory, more particularly within the last ten years, 
during which the experimental study of polyploidy has done so much 
to confirm the general hypothesis. The authors are themselves 
actively engaged in research and are daily brought face to face with 
the intricate problems that are presented by any exact study of the 
breeding of plants. They are appreciative of the applications of 
investigations of this character to creation of the new varieties of 
plants required by the farmer and the gardener. In that direction 
indeed lies the greatest promise of economic progress in the produc¬ 
tion of food, fibre, and other plant materials. In all countries 
practical men are seeking to create new varieties, this book will give 
them an outline of the theoretical basis for their work and may save 
them from many pitfalls and much wasted effort. 


A. D. HALL. 



PREFACE TO SECOND EDITION 

The present edition of this book has been written under different 
circumstances from those of the first edition. A considerable 
number of books, monographs and literature keys have been 
published since 1932 and information on various subjects is more 
readily available than formerly. Nevertheless, the spate of new and 
important work still continues at a phenomenal pace. 

The apparent desire for information on recent work expressed by 
the generous response to the first edition prompts us to retain the 
literal meaning of " Recent Advances ” in the scope of the book. 
This has necessitated a very considerable re-writing of several 
chapters (II, III and X) and the remodelling of others, in order to 
express the newer view-points of geneticists. A chapter on variega¬ 
tion and chimseras has been included, since this subject will become 
of fundamental importance to genetical theory. The excellent 
summary of the statistical basis of selection and populations given 
by Dobzhansky (1938) reduces the need for extensive treatment 
of this subject here. Therefore thd limited space has been used to 
direct attention to the more biological aspects of genetics, since a 
common misconception that genetics is a conglomeration of cyto- 
logical theories, statistical work and peculiar terminology is all too 
prevalent. 

The mass of new work cannot be adequately treated in a small 
book. Therefore it is thought that a Literature Key with addi¬ 
tional references to papers published since the last edition on certain 
subjects would be helpful to the student. This Key is not intended 
to be comprehensive but has been found useful in graduate 
teaching. 

It is regrettable that my friend, Dr. Philp, could not co-operate 

vii 
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with me in the present edition. Therefore he cannot be held 
responsible for the views and errors which may be found. The 
burden of preparation has been considerably lightened by the able 
assistance of my wife and Dr. L. C. Luckwill, and by an excellent 
secretary, Mr. J. Stocks. To these individuals and to Messrs. 
J. & A. Churchill I express my profound thanks. 

F. W. SANSOMK. 



PREFACE TO FIRST EDITION 

While there are several elementary text-books on plant genetics, 
there is no recent book in English dealing with the more modern 
developments of the science. The present book is an attempt to 
summarise the chief advances made in plant genetics during the 
last ten years. 

In our choice of matter we have subordinated particular aspects 
to the wide view. Although of necessity we have had to enter in 
some detail into particular questions of importance, our principal 
object has been to give the reader a perspective of modern plant 
genetics, and the manner in which it has developed and is developing. 
For this reason we have incorporated much of the work on the fruit 
fly Drosophila, which on certain points provides evidence that is 
meagre or lacking in plants. 

Considerations of space have made it impossible to deal at any 
length with such questions as sex in plants, chimaeras, and the 
mathematics of inheritance and populations. References to the 
literature on these subjects, however, are to be found in the 
bibliography. 

The book will, we hope, be useful to the honours student in 
genetics, but we have intended it primarily for the teacher, the 
research geneticist (applied and purely scientific) and the general 
biologist. We may express a hope that this rosumd of work on 
the plant side may do a little to remedy the unfortunate lack 
of contact that exists at present between the plant and animal 
branches of the science. Many of the phenomena dealt with here, 
like polyploidy, in spite of the fact that they are of great significance 
for the general theory of genetics, are at present almost completely 
ignored by zoologists, as the phenomena are largely peculiar to the 
plant kingdom. 

We take this opportunity of acknowledging our indebtedness to 
the various authors and publishers who have permitted us to 
reproduce their figures and tables, and to Sir Daniel Hall, 
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Professor J. B. S. Haldane and our colleagues at the John lanes 
Horticultural Institution for their help, advice and criticism. Our 
gratitude is also expressed to Miss D. M. Cayley, Dr. P. Roller, 
Mr. W. J. C. Lawrence, Mrs. E. Sansome and Mr. L. II. Stone for 
assistance in proof reading. In conclusion we also wish to thank 
Messrs. J. & A. Churchill for the manner in which they have placed 
their experience at our disposal. 


F. W. S. 
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RECENT ADVANCES IN PLANT 
GENETICS 

CHAPTER I 

THE MECHANICAL ASPECTS OF HEREDITY 

Introduction—Mitosis—Meiosis—Segregation—Interaction of Factors— 
Inheritance of Pollen Characters — Incompatibility — Lethal Factors — 
Cytoplasmic Influence. 

Introduction. The present edition endeavours to present a 
summary of the recent investigations and theories relating to the 
reactions and transmission of inherited characters. The rapidity 
of the advances made between 1927 and 1932, made the presentation 
of balanced statements of genetic principles difficult. Now it is 
possible to make an attempt to separate the essential from the less 
important features. 

In plants there is a more or less well defined alternation of 
generations. Fertilisation, the fusion of male and female gametes, 
initiates the sporophyte which gives rise, by the reduction division, 
to the gametophyte which may or may not give rise immediately to 
gametes to take part in fertilisation. (See botanical text-books.) 
The central feature of both fertilisation and reduction is the 
characteristic behaviour of the nucleus which is constituted by a 
number of bodies—the chromosomes. These chromosomes undergo 
changes of appearance throughout their history, but there is strong 
evidence that they are permanent autonomous bodies. The fusion 
of two gametes at fertilisation will give rise to a nucleus with the 
sum of the number of chromosomes contained in the nuclei of these 
gametes. As the zygote develops, every chromosome divides, so 
that the daughter cells have a chromosome complement identical 
with that of the original zygote. 

The sporophytic generation thus has, in general, twice as many 
chromosomes as the gametophytic generation. Immediately before 
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the inauguration of the gametophytic generation, two nuclear 
divisions take place with only one division of the chromosomes. 
This process, called meiosis, naturally halves the number of 
chromosomes. 

Where meiosis or, as it is more loosely called, the maturation 
division or reduction division, follows very shortly after fertilisation 
as in Spirogyra, the diploid state is very short. Where fertilisa¬ 
tion follows shortly after meiosis, as in the Angiospenns, the 
gametophytic generation is of small duration. 

Heritable characters must be controlled by determiners, “ genes ” 
or “factors,” which retain their individuality throughout the life 
cycle and since, in general, only the nucleus is carried on from 
generation to generation, these genes are presumably carried in the 
nucleus. 


The discovery of van Beneden in 1883 that the nucleus of the 
egg and the nucleus of the spermatozoon of Ascaris each contained 
half the number of chromosomes of the nucleus in a body cell, 
initiated a series of investigations on the physical side of the problem 
of heredity. Strasburger (1888) showed that the reduction in number 
of chromosomes took place in the microsporocytes of plants. 
Weismann and Strasburger independently concluded that the 
nucleus was " the vehicle of heritable variation ” (1884-1885), 
while Strasburger (1894) postulated that there was a reduction in 
the number of chromosomes at sporogenesis in all organisms 
which exhibited sexuality. Riickert (1892) suggested briefly that a 
conjugation and disjunction of paternal and maternal chromosomes 
took place at meiosis, while Montgomery (1901 a,b), without the 
knowledge of Mendel’s laws of segregation, emphasised the presence 
of paternal and maternal homologous chromosomes in diploid 
groups, and accepted their conjugation and disjunction in pairs tit 
meiosis. 


The parallelism between. the pairing and disjunction of 
chromosomes at meiosis and the segregation of inherited characters 
at the maturation division, was suggested by Strasburger, Correns 
Guyer and Cannon about 1901, but Sutton (1903) and Boveri (1904) 
rst clearly realised the significant correspondence between the 
cytological phenomena and segregation. Boveri (1904), by some 
remarkable experiments, showed that the development of an 
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organism was influenced by the chromosomes, and that the chromo¬ 
somes in one organism were qualitatively different in their effect on 
the characters of the organism. 

Much later, Carothers (1913, 1917, 1921, 1926), Wenrich (1917), 
Navashin (1925 a,b, 1931a) and Sveshnikova (1928) have published 
results independently which demonstrate that the segregation of 
the chromosomes to the progeny is strikingly similar to that observed 
for inherited characters. 

Carothers (1913, 1917) found that the disjunction of one pair of 
chromosomes in Trimerotrofiis was not influenced by that of a 
different pair. It had been known for some time through the work 
of Wilson et al. (see Wilson, " The Cell ”) that the pair of chromo¬ 
somes, which was related to the determination of sexuality, was 
heteromorphic in many animals. At meiosis, the difference in size 
or shape enabled observers to see that one chromosome of the pair 
might pass to one or other of the poles at the first of the two divisions 
of meiosis (heterotypic), and hence to the daughter cells, while 
the other member of the pair would go to the alternative pole. It 
will be seen that a ratio of 1:1 in respect of the members of the sex 
chromosome pair will thus be mechanically obtained for distribution 
to the daughter cells and the gametes. 

Two pairs with heteromorphic members are, however, necessary 
to prove that disjunction of different pairs of chromosomes is at 
random and independent. 

In Trimerotrofiis Carothers found that in addition to the sex 
chromosome, which lacked a partner in the male sex (XO type), one 
pair of chromosomes had unequal members, which could be distin¬ 
guished by their shape and the position of the attachment to the 
so-called spindle fibre. She found that out of 300 first meiotic 
divisions 51*3% had the larger member of the dimorphic pair going 
to the same pole as the sex chromosome and 487% had the smaller 
member of the heteromorphic pair accompanying the sex chromo¬ 
some. This is remarkably close to the 50% distribution, expected 
on a random and independent assortment. 

Similar observations were furnished by Wenrich (1917) in 
Phrynotettix magnus and by Robertson (1915, 1916) in the Tettigidce 
and Acrididce , Later Carothers (1917) obtained data involving 
four different pairs ” of chromosomes in Trimer otrofiis fallax. 



INTRODUCTION 


3 


organism was influenced by the chromosomes, and that the chromo¬ 
somes in one organism were qualitatively different in their effect on 
the characters of the organism. 

Much later, Carothers (1913, 1917, 1921, 1926), Wenrich (1917), 
Navashin (1925 a,b, 1931a) and Sveshnikova (1928) have published 
results independently which demonstrate that the segregation of 
the chromosomes to the progeny is strikingly similar to that observed 
for inherited characters. 

Carothers (1913, 1917) found that the disjunction of one pair of 
chromosomes in Trimerotrofiis was not influenced by that of a 
different pair. It had been known for some time through the work 
of Wilson et al. (see Wilson, " The Cell ”) that the pair of chromo¬ 
somes, which was related to the determination of sexuality, was 
heteromorphic in many animals. At meiosis, the difference in size 
or shape enabled observers to see that one chromosome of the pair 
might pass to one or other of the poles at the first of the two divisions 
of meiosis (heterotypic), and hence to the daughter cells, while 
the other member of the pair would go to the alternative pole. It 
will be seen that a ratio of 1:1 in respect of the members of the sex 
chromosome pair will thus be mechanically obtained for distribution 
to the daughter cells and the gametes. 

Two pairs with heteromorphic members are, however, necessary 
to prove that disjunction of different pairs of chromosomes is at 
random and independent. 

In Trimerotrofiis Carothers found that in addition to the sex 
chromosome, which lacked a partner in the male sex (XO type), one 
pair of chromosomes had unequal members, which could be distin¬ 
guished by their shape and the position of the attachment to the 
so-called spindle fibre. She found that out of 300 first meiotic 
divisions 51*3% had the larger member of the dimorphic pair going 
to the same pole as the sex chromosome and 487% had the smaller 
member of the heteromorphic pair accompanying the sex chromo¬ 
some. This is remarkably close to the 50% distribution, expected 
on a random and independent assortment. 

Similar observations were furnished by Wenrich (1917) in 
Phrynotettix magnus and by Robertson (1915, 1916) in the Tettigidce 
and Acrididce , Later Carothers (1917) obtained data involving 
four different pairs ” of chromosomes in Trimer otrofiis fallax. 



4 the mechanical aspests of heredity 

12 II 10 9 8 7 6 5 4 3 2 1 

03 J 4 If 

« J* f 

CtM J 

•’mull**** 

«[« H« y 

0 4 4* f f ♦ | *♦♦ l 

Fig, x. Lateral views of chromosomes in the first spermatocyte 
of eight cells from a single individual. The chromosomes of 
each cell are arranged horizontally in a series according to size. 
Trif vertical rows represent the same pair of chromosomes in 
different cellsNote the difference in. shape of separating 
members m pairs Nos. x, 7 and 8 and the impaired sex chromo- 
some, No. 4. (Carothers ex Babcock and Clausen, 1927. ) 





Pig. 2. Somatic chromosomes of (a) i'vcpis capifftuis ; (/>) F, ( , ntpilfaris 
C. asp era ; (r) C. aspera. The index letters c and a i n< i i< a t c* the 

parental chromosomes in the hybrid. (Navasldn, i<»^7.) 



Fig. 3. 1-3. Diakinesis in Stenoboihrus Uncatus. (From Btflfir, 1927.) 1. Living 

cells. 2. The same cells after fixation with osmium tetroxide vapour and 
Flemming. 3. The same cells after staining with Gicinsa-Komanovsky. 
4-7. Photographs of living chromosomes of Mehniophis lemur ritbrum 
(Orthoptera) at meiosis, taken by ultra-violet light. (After Lucas and Stark, 
1931.) 4. Late telophase before meiosis. x 1H00. 5. Pachytene, • 1S00. 

6. First anaphase, x 1200. 7. First telophase. >: * 1200. * \Tu par p. 5. 
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Table i, constructed from observations on 100 first divisions 
(which would give rise to 200 second divisions), shows the closeness 
between observation and expectation. The chromosomes numbered 
x, 7, 8 and 4 (the unpaired sex chromosome) in Fig. 1 were those 
studied. It will be seen that size and shape difference are 
pronounced. 


Table i. Distribution of Members of Heteromorphic Pairs of 
Chromosomes in a Single Individual of Trimerotropis fallax 
(Data from Car others ex Babcock and Clausen , 1927). 


Type. 

Expected. 

Observed. 

A given V (Nos. 1 or 4) 

i 

X 

200 = 

100 

100 

Only one V . . . . 

i 

X 

200 = 

50 

48 

Two given Vs (Nos. i and 4) 

i 

X 

200 = 

50 

46 

Two given Vs :Nos. 7 and 8) 

1 

X 

200 = 

50 

47 

Any two Vs ... 

I 

X 

200 = 

75 

84 

Three given Vs (Nos. 1, 7, 8) 

* 

X 

200 = 

25 

22 

Three given Vs (Nos. 4, 7, 8) 

i 

X 

200 = 

25 

21 

Any three Vs 

i 

X 

200 = 

50 

48 

Four Vs. 

is 

X 

200 = 

12J 
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The chromosome separates from its counterpart which has 
been derived from a different gamete, and passes to the opposite 
pole and hence to a different gamete at random. It can be shown 
in several ways that the chromosome derived from a parent passes 
into the offspring and is uninfluenced by the passage through the 
gametophyte. 

Navashin (1927^6) crossed Crepis tectorum , having eight 
chromosomes in the somatic tissue, with Crepis alpina (2 n = 6). 
All the chromosomes can be identified by their shape and size. 
Gametes were produced by the hybrid (2 n = 7) with the parental 
chromosomes (4 and 3), and these could again be recognised in the 
second generation. The chromosomes had passed through the 
hybrid and appeared in the succeeding generation without change. 
Fig. 2 shows that the chromosomes of the parental species C. 
capillaris (2 n = 6) and C. aspera (2n = 8) are recovered in the 
hybrid (2 n = 7). 
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In a eonsidoMblr ntindHtr of oases the chromosome complement 
of one speeh s |s <mut * to be different from that of a related species. 
One or mote t'hi*'inu-.ijmc s m;i y t j|pf er j n size, or in the position of the 
attaehnwni Uv centromere (see p, 7), or there may be 

differences in the number of chromosomes. For example, Navashin, 
Babcock, lIollingdaMd and others can recognise the individual 
chromosomes of (rrpis ami show that there are differences in size, 
shape and between different species. In one species the 

characteristics of the chromosomes are constant, except in those 
cases where genetic variation is present (ef. Darlington, 1937). 

When alauiatious occur, such as breaking of chromosomes, it is 
found that the descendants exhibit the peculiarities expected 
For example, the X chromosome of Drosophila melanogastcr was 
broken into two portions, one of which was attached to the fourth 
chromosome* In some of the progeny the two half chromosomes 
were present; one half was still attached to the fourth chromosome 
(Stem, 193*)- 

It will be realised that the nucleus which initiates the new zygote 
results from the fusion of a paternal and maternal nucleus. The 
chromosomes thus included in the first cell of the zygote are 
propagated without qualitative or quantitative change to all 
daughter cells of the somatic tissue by mitotic division. 

MITOSIS 

The mechanism oi mitosis or karyokinesis, was first identified as 
such by Schneider (1873), Strasburger.(i872, 1878), van Beneden 
(1883), Klcxnming and others, while the name mitosis, now commonly 
used, was gx ven by Flemming (1879, x88o, 1882), who showed the 
characteristic splitting of the chromosomes. The daughter halves 
of the longitudinally split chromosomes were seen to pass to opposite 
poles by van Beneden and Heuncr about 1884, in animals and plants 

respectively*# 

The zyg° tic ce U of the normal diploid plant contains an even 
number of chromosomes, each type of chromosome being repre¬ 
sented twice. Hence, the chromosome complement of one plant 
can be separated into two similar sets of chromosomes. One 
member oi each pair 0 f chromosomes has been derived from one 
parent and the other from the alternative parent. 
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Description of Mitosis. The nucleus in the resting stage appears 
to contain a fine network or reticulum, which at the beginning of 
the division (prophase stage) is resolved into threads, the chromo¬ 
somes. Each thread appears to be at least double longitudinally 
along the whole length. The division of each chromosome must 
have taken place previously 


Mitosis 

193X a .) 


1 "Resting 
Stage (a.) 

(division') 


t 

i 

t 

_/ 

“V 


to this stage. Considerable 
disagreement prevails as to 
the time of the chromosome- 
split, and as to whether the 
threads seen at the begin¬ 
ning of mitosis are double, 
quadruple or octuple in -t> * 

nature (see Darlington 2 

(1937), Huskins and Smith zIlT 

(1935), Nebel and Ruttle (c-o utrtictu m) f] 

(1936)). For genetical 
purposes the question is not 3Prophase 
of immediate importance. 

This prophase stage proceeds 
and the threads shorten 
and thicken. They become f>{cuplu 5C 
arranged on an equatorial ' * 

plane in the nucleus and 
the nuclear membrane dis¬ 
appears. Fine fibres from 
the poles appear to become 5 Anaphase 

attached to a definite posi- ‘ 
tion, the centromere, on the 
chromosomes (metaphase 
stage). These spindle fibres, 
which are seen in material which does not show the best fixation, 
appear to correspond to the highly viscous region found in living 
material by micro-dissection methods. The fibres are probably 
fixation products of some (possibly) physical structure of the region. 

The paired half chromosomes, or chromatids, separate first at the 
place where the spindle fibre is attached to the chromosome. This 
point is generally constricted and is sometimes called the centromere. 


Fig. 4. 
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Present-day methods of technique have enabled cytologists to 
determine that these constrictions, as well as secondary constrictions 
at other places on the chromosome, are constant characteristics of 
the chromosome. Satellites or trabants which presumably result 
from a sub-terminal constriction are also diagnostic features of 
chromosomes. All somatic cells of a normal plant have similar 
chromosome complements, and it is therefore reasonable to suppose 
that the chromosome does not lose its individuality during the 
interphases. 

After metaphase the split chromosomes separate and pass to 
opposite ends of the spindle area (anaphase) and in the Angiospcrms, 
with few exceptions, a cell wall is laid down between the separated 
huclei along the spindle fibres, probably by a process of coagulation. 

It will be seen, therefore, that during mitosis the chromosome 
divides into two chromosome parts identical with the original 
chromosome. At anaphase the two daughter chromosomes are 
separated in a regular manner and take part in the formation of two 
daughter nuclei. The complement of chromosomes originally 
instituted at fertilisation is thus preserved in all living cells of the 
plant under normal conditions. 

BSl&r, (1928) made microphotographs of a living cell and of the 
same cell after fixation and again after staining (Fig. 3). He thus 
showed that good fixation and staining greatly facilitates the study 
of the chromosomes without distorting the configurations of the 
living cell. Further, the processes of mitosis and meiosis have been 
shown (in living material) to be comparable with those assumed 
from fixed material. 


MEIOSIS 

Sexual reproduction, by which most plants produce offspring at 
some period in their life history, consists essentially in the fusion of 
two nuclei—the male and female gametes. Since the chromosomes 
are definite and autonomous bodies, the zygote and the succeeding 
sporophyte have the sum of the chromosomes contributed by the 
gametes. If the chromosome number of the species as a whole is 
to be constant, there must be a process by which the chromosome 
number is halved during gametogenesis. The place in the life cycle, 
at which the reduction occurs, varies in different plant phyla. In 
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general, reduction synchronises with the productioi^f spores, in the 
flower of Angiosperms, on the frond of a fern and in tll? c 4 psule of 
a moss. 


Meiosis usually consists of 
two divisions—the first or 
heterotypic division, in which 
the reduction of the number 
of chromosomes takes place, 
and the second, or homotypic 
division, in which the pro¬ 
ducts of the first division are 
propagated as in mitosis. The 
essential difference between 
meiosis and mitosis is that 
in mitosis every division of 
the nucleus is accompanied 
by a division of the chromo¬ 
somes, but in meiosis there are 
two divisions of the nucleus 
with one division of the 
chromosomes. The number of 
chromosomes is therefore re¬ 
duced in the resulting nuclei. 

Description of Meiosis. For 
a full description of meiosis 
reference should be made to 
Darlington's book in this 
series. Only an outline 
sufficient for genetical pur¬ 
poses will be given here. 

Diploid Plants. In the 
early prophase, fine leptotene 
threads, each representing a 
whole chromosome are seen 
to align themselves in pairs 
{zygotene stage). 


Diagram of deduction of(frmosomes 
in Grrm-Ce/iFarmsfm. (DarIingto>1 
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Each pair of threads represents one chromosome from the 


paternal parent paired with the corresponding or homologous 
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chromosome from the maternal parent. The paired threads 
shorten and thicken ( pachytene ). After the pachytene stage the 
chromosomes are observed to have split and the resulting chromatids 
have fallen apart in pairs. The paired chromatids change partners 
at various points along their length so that the bivalents have a 
characteristic looped appearance. This stage is early diplotene . 
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The changes of partner which are called chiasmata (Janssens, 1907, 
1924) are believed to take place in the following way. When the 
chromosomes split a break occurs in one chromatid which induces 
a break at the exactly corresponding point in one of the chromatids 
from the partner chromosome (see p. 83). The broken ends rejoin 
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so that two composite chromatids arc formed, each containing 
parts of the two original chromosomes. When the chromatids fall 
apart in pairs, chromatids from the same chromosome or identical 
chromosomes remain associated, with a consequent change of 
partner at the points where an interchange or crossing over of 
chromosome segments has occurred. These changes of partner 
serve to hold the four chromatids in association as a bivalent. 
When chiasmata are not formed, bivalent formation also fails. 



The number of chiasmata is proportional to the chromosome 
length within certain limits (see later). 

The accompanying graph (Fig. 7) from Darlington (1931a) 
illustrates the ranges in chiasmata frequency of chromosomes of 
different length in Vida Faha (Maeda, 19306), Friiillaria imperialis 
(Darlington, 1930c) and F. meleagris (Newton and Darlington, 
193 °)*. The chiasmata frequencies of the M and m chromosomes 
in Vida Faba are entirely different; the M chromosome is twice 
as long as the m chromosome. This subject will be returned to 
in the discussion of genetical crossing-over. 
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Linear contraction of the four chromatids of a bivalent takes 
place. At the same time the chiasmata decrease in number to a 
greater or less extent until the stage of diakinesis, where the bivalents 
lie at random in the nucleus. Metaphase follows with the arrange¬ 
ment of the bivalents upon the equatorial plate. At anaphase the 
still undivided centromeres of the original chromosomes pull the 
attached chromatids to opposite poles of the spindle. Therefore, 
two chromatids of the bivalent pass to one pole and two to the other 
(telophase). Telophase is followed by a very short resting stage, 
and by the homotypic division which is similar to a mitotic division. 
The previously undivided centromere, holding the chromatids 
together, splits into two. The two centromeres repel one another, 
thus pulling the attached chromatids to opposite poles of the 
homotypic metaphase spindle. Thus the four chromatids formed 
when the paired chromosomes split at prophase of the first division 
are distributed to four nuclei which usually initiate the gametophytic 
generation. In the flowering plants, these four nuclei become the 
pollen nuclei on the male side, and on the female side one of them 
usually functions to produce the embryo sac. 

It is generally accepted that the chiasmata formed at early 
diplotene hold paired chromatids together until metaphase. 
During the early stage these chiasmata may move along the 
chromosome length from the position where they were first formed. 
Usually this movement is towards the ends of the chromosomes, 
where successive chiasmata may replace one another. This 
phenomenon of terminalisation reduces the number of chiasmata 
between diplotene and metaphase. The terminalisation coefficient 

No. of terminal chiasmata , „ 

-. . -7 .; ---has been used as a measure of termma- 

total chiasmata 

lisation, but its value is limited. Where terminalisation does not 
occur to any extent as in Pisumsativum and Fritillaria meleagns 
the anaphase configurations reflect the previous exchanges of 
partners of the chromatids at prophase. 

Lately much work on the spiral structure of chromosomes in 
relation to the mechanics of their behaviour has been published. 
It is not necessary for genetical purposes, however, to enter into 
the details of the many cytological theories relating to meiosis. (See 
Sax (1936) for a balanced treatment.) 
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MEIOSIS IN POLYPLOIDS 

The cytological investigation of forms with more than two sets 
of homologous chromosomes has been productive of much value 

VI A<*KAM TO ILLUSTRATE THE PAIRING OF CHROMOSOMES INUiriOlD 
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(Darlington, 19296 .) 

in the hands of Belling and Darlington and others. In a normal 
diploid plant each maternal chromosome has a paternal homologue 
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but in a polyploid there may be more than two homologues 
present. 

In these forms trivalents (three chromosomes), quadrivalents 
(four chromosomes) and associations of greater numbers of 
homologous chromosomes may be found (see Fig. 8). The 
important and fundamental point is that never more than two 
chromosomes are associated at any one point. Pairing between two 
chromosomes at one point may not greatly influence pairing 
between one member of this association and a different chromosome 
at another point (see later and Mather, 1938, for a fuller discussion). 
Hence, in a triploid, two chromosomes may be in association at one 
point, while at another point one may be involved with a third. 
After zygotene pairing between chromosomes two at a time, 
chiasmata are formed between the paired parts. Both qualitative 
and statistical analyses are being made on the behaviour of chiasmata 
with interesting and important results (see p. 88). 

CHROMOSOME DISJUNCTION AND SEGREGATION 

Segregation depends on the disjunction of the chromosomes at 
the first division and the separation of the chromatids at the second 
division of meiosis. Disjunction of the members of a bivalent will 
naturally be regular and only exceptionally will both members of a 
bivalent pass to one pole after pairing (non-disjunction). 

Normal disjunction is less certain, however, in trivalents, quad- 
rivalents and higher associations of chromosomes. Indeed in a 
form such as a triploid, with an odd number of homologous chromo¬ 
somes disjunction will always be irregular. In such a case the three 
chromosomes will either become associated and disjoin two’ to one 
pole and one to the other, or a bivalent and univalent may be 
formed, which again give rise to a distribution of two and one. 
There is considerable difficulty in giving a convenient terminology 
to these cases for descriptive purposes. Non-disjunction implies 
that the members have paired at prophase and have passed to the 
same pole. Neither of the above triploid cases, however, may be 
true non-disjunction, since the chromosomes concerned may not 
have paired at all. When the trivalent is formed one may find that 
chromosome B pairs with the homologues A and C in different parts 
of its length and that B goes to one pole and A and C go to the other. 
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A and C have not paired at prophase inter sc, but are controlled by 
their associations with B. 

Disjunction, non-disjunction and numerical irregular distribution 
must be distinguished, since they have distinct genctical conse¬ 
quences with regard to segregation. This will be referred to again 
under triploid and tctraploid segregation, 

SEGREGATION 

We have seen that the chromosomes within the nucleus are 
transmitted without change from cell to cell in the somatic or 
body tissue, and that their pairing and reduction in meiosis is a 
characteristic phenomenon associated with the initiation of the 
gametopliyte leading to gamete formation, it may be shown in 
several ways that the chromosomes carry determiners or " genes ” 
which control the transmission and behaviour of inherited characters. 



Fig, 9. Funaria hygrometrica univahns macrospora X microsporu, 
Germinating tetrad of spores, x 40. (Wettstein, 1924a.) 


Indeed, it is now possible, by combining cytological and genctical 
analysis in Zea, Drosophila, Datum , Lycopersicum and other 
organisms, to identify chromosome parts, which, through their gene 
content, have control over the inheritance and behaviour of specific 
morphological characters. It will be shown that each part of a 
chromosome is qualitatively different from every other part in respect 
of the effect on the development, physiology and morphology of the 
plant. This effect is due to the so-called genes carried on the 
chromosomes. It has been shown that the paired chromosomes 
disjoin from one another at meiosis in a regular manner on a random 
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basis, and that the cells resulting from the meiotic division will 
contain 50% of the one partner and 50% of the other—1 :1 ratio. 
It is possible to show that inherited characters segregate in a similar 
manner. Wettstein (1924a) crossed two races of Funaria hygro- 
metrica , which differed in a number of characters, including the rate 
of growth of the protonema. A hybrid sporophyte thus formed by 
fertilisation contains genes from both races. The spores from such 
a hybrid were found to remain together in fours and to give, on 
germination, two quickly growing and two slower growing proto- 
nemata in each set of 4 spores (see Fig. 9) (1:1 ratio). 
These spores are the immediate descendants of a cell in which 
meiosis has occurred. This segregation of rate of protonema 
growth is similar to the manner in which‘chromosomes are segregated 
at meiosis. The races which were hybridised also differed in a 
number of characters ; large spore G, high rate of division in the 
protonema O, broad perichsetial leaf B, shape of the paraphysis 
cells P, coloured capsule C. The cross made between the two 
plants of the genetic constitutions GOBPC and gobpc gave eight 
similar sporophytes which must have had the constitution 
GgOoBbPpCc. Wettstein isolated 62 spore tetrads of which 41 
germinated and after fertilisation 35 formed mature sporogonia. 

In all the tetrads of spores it was found that only two types of 
spores occurred in any one tetrad. Thus in 24 tetrads 

16 gave 2 spores with GBPC and 2 with gbpc 
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Tetrad Analysis. The analysis of the gametophytic generation 

in mosses, ferns, fungi, 

algae, and to some extent in angiosperms 


(Michaelis (1931) and p. 102), provides fundamental evidence of the 
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tim'e and place of the segregation of genes. While the analysis is 
laborious and rarely of statistical value, the demonstration is 
important in showing that the immediate products of meiosis are 
qualitatively different in respect of one pair of alternative (allelo¬ 
morphic) characters; that segregation has taken place during 
meiosis, and that each pair of alternative characters behaves as a 
unit distinct from every other pair of contrasting characters. 
Further, the parental types arc recovered in the progeny without 
change or contamination by the transmission through the sporo- 
phytic generation. It is possible in various organisms to determine 
at which of the two divisions of meiosis particular pairs of allelo¬ 
morphic characters segregate. Consider the pairs of allelomorphic 
characters Gg and Bb in Wettstein’s case above. In all spore 
tetrads examined only two types of spores were found in any tetrad 
—either GB and gb, or Gb and gB. This indicates that in both 
pairs of characters, segregation of G from g and B from b has 
occurred at one and the same division of meiosis. Fig. 12 and 13 
shows that if one pair of allelomorphs segregates at the first division 
of meiosis and the other at the second division, four types of spores 
will be found in one tetrad. 

Mendelism. As a result of studying the segregation of characters 
in the progeny of hybrids between races of garden peas, Pisum 
sativum, Mendel postulated two laws of inheritance in 1865. These 
expressed in Mendel’s words (translation of Bateson, 1930) are “ the 
theory is confirmed that the pea hybrids form egg and pollen cells, 
which in their constitution represent in equal numbers all constant 
forms which result from the combination of the characters united at 
fertilisation,” and " the relation of each pair of different characters 
in hybrid union is independent of other differences in the two 
original parental stocks.” 

The laws may be understood by considering several examples. 
Brink and McGillivray (1924) and Demerec (1924 a) independently 
showed that the pollen of a race of maize, called waxy, stained red 
in iodine, while that of non-waxy races gave the characteristic blue 
reaction of starch in iodine. The hybrids, “ F 1( ” resulting from a 
cross between these races produced pollen of which 50% stained red 
and 50% stained blue in iodine. Demerec gives the figures 3,437 
blue staining pollen-grains and 3,482 red staining pollen-grains, 
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while Kieselbach and Petersen (1926) give further counts of 13,014 
blue staining and 13,229 red staining grains. In percentages 
Kieselbach and Petersens" results are 49*59% blue and 50-41% red, 
The contrasting characters, waxy and non-waxy, of the two 
races are combined in the first filial (F x ) generation hybrid, This 
hybrid, “ heterozygous ” for the two characters, gives pollen (and 
eggs), half of which contains one character and half contains the 
other character, a 1: 1 ratio of waxy to non-waxy pollen (or eggs). 
The characters have been passed through the hybrid plant to appear 
in an unchanged condition in the pollen (and eggs) of the P x hybrids. 
The endosperm of waxy and non-waxy races also differs in the 
starch content, therefore an experiment can be devised to follow 
the transmission of the character from the pollen grain to the 
endosperm. Kieselbach and Petersen fertilised a pure waxy maize 
plant with pollen from an F x hybrid between waxy and non-waxy. 
Among 18,549 fruits 51*56% had waxy endosperm and 48-5% had 
non-waxy endosperm. These authors summarised the results 
obtained by Kempton, Bregger and Brink on endosperm segregation 
in maize and showed that from 203 ears of maize, 39,173 out of 
79,381 fruits had waxy endosperm, i.e., 49*3% waxy and 59*7% 
non-waxy. If we symbolise waxy by wx and non-waxy by Wx we 
may illustrate the segregation by the following diagram. 

Pollen of waxy 

parent wx x egg of waxy parent wx x pollen of non-waxy 

[ | parent Wx 

Pure waxy plant wx wx F x hybrid Wx wx ^ 

"I I 

eggs pollen eggs 

wx x 1 Wx : 1 wx x 1 Wx: wx 

l \ 

Back-crossed plants I Wx wx ; i wx wx \ 

40208 39173 F 2 1 Wx Wx: 2 Wx wx 

non-waxy waxy : I wx r wx 

The authors also inbred the hybrid F, plant Wxwx which gives 
eggs carrying the Wx and wx characters in the same ratio (i: i) as 
the pollen. The diagram also indicates the resulting combinations 
which are produced at fertilisation in a ratio of i WxWx : 2 WxWx: 
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x want, or three plants (75%) carrying Wx to one (25%) carrying 
wx. The actual numbers found were 112,248 carrying non-waxy: 
36,523 carrying waxy in 356 ears or 23-9% in place of the 25% 
expected, (This point will be considered on p. 35.) 

Parnell (1921) and Chao (1928a) found a similar segregation in 
Oryza saliva. Prom the self-fertilisation of hybrid plants resulting 
from starchy x non-starchy plants of rice 57,925 fruits were 
produced of which 44,043 had starchy endosperm and 13,882 had 
non-starchy endosperm. 

The transmission of the characters obviously must depend on 
some physical unit which is carried in the nucleus. These units are 
now called genes (or character determiners). In the above example 
the genes Wx and wx are contributed by the parental races to the 
hybrid and pass through the pollen and eggs to the succeeding 
generations. Also, as pointed out by Mendel, the pollen and eggs 
each contain only one gene of the pair of genes present in the diploid 
plant. The terms personified gamete or " purity of the gamete ” 
have been used to express this conception, but for several important 
reasons this view is of less importance to-day. 

It will be noticed that the starchy endosperm in rice and the non- 
waxy endosperm in maize predominate in the P 2 generation (75% : 
25%). The fruit of the hybrid plants of this generation containing 
genes for waxy and non-waxy (Wxwx in maize) is similar in appear¬ 
ance to the non-waxy fruit of the parent WxWx. This phenomenon 
is known as dominance. Wx is said to be dominant to the recessive 
wx. Various degrees of dominance may be shown between allelo¬ 
morphic genes. It was thought by some of the earlier workers in 
genetics that the characters and genes were closely connected el¬ 
even synonymous. The phrase " unit character ” used in place of 
gene was adopted to indicate that for every heritable character 
exhibited by the plant there was an “ id,” " pangen ” or unit which 
was transmitted through the gametes. This doctrine possibly arose 
under the influence of Weismann’s idioplasm doctrine that the germ 
plasm contained a factor for every inherited characteristic of the 
organism. This view was soon realised to be false. On the one 
hand several genes (" complementary factors ”) were found to be 
necessary to produce a certain character while, on the other, one 
gene (“ pleiotropic factor ”) could affect several characters. 
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Where there are two pairs of contrasting characters such as 
tallness v . dwarf ness and red v, yellow fruit in the tomato, the 
segregation of each pair may be independent of the other pair. 
Suppose, for example, a tall red-fruited tomato is crossed to a 
dwarf yellow-fruited tomato plant* The hybrid will contain genes 
of all four characters D, d and R, r. Each pollen grain or megaspore 
of the hybrid will contain either D or d and R or r (the ratio of iD : id 
and iR : ir being observed). Hence pollen or eggs will be formed 
in the ratio of iDR ; iDr: idR: idr. This phenomenon of inde¬ 
pendent segregation of two pairs of genes can be followed in the 
fern. 
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Andersson-Kotto (1927) bred from one plant of the fern Poly- 
stichum angulare, and cultured the prothalli (gametophytes) resulting 
from each spore separately. Fertilisation between the ovum and 
spermatozoid of a prothallus again gives rise to the sporophytic 
generation. She found that there were four types of plants in 
respect of frond development (types x, 2, 3, 4). After isolating the 
prothallus arising from each spore separately and only permitting 
self-fertilisation each type occurred with approximate equal 
frequency: Type 1, 22; Type 2, 20; Type 3, 18; Type 4, 18. 
Andersson-Kotto was thus able to analyse the nature of the genes 
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for frond type which were carried but not exhibited by the pro- 
thallus. If the original plant was of the constitution AaBb, where 
A, a and B, b are two pairs of allelomorphic genes, the reduction 
division which will give rise to the spores and resulting prothalli 
will separate A and a and B from b to give the combinations AB, 
Ab, aB and ab in the ratio of x : x : i : I. Self fertilisation of each 
prothallus will only produce pure type sporophylcs AABB, AAbb, 
etc—in the same ratio to give the four types found. Type x requires 
the presence of two genes AB, Type 2 only requires A, Type 3 only 
requires B and Type 4 ret 1 wires neither A nor B to be present to 
induce their respective characteristics. 

Random fertilisation was also permitted between the gametes 
of the prothalli of constitutions AB, Ab, aB, ab. As a result a 
ratio of 9 Type 1; 3 Type 2 ; 3 Type 3 ; x Type 4 sporophytes was 
obtained. This ratio is that usually found when two pairs of 
allelomorphic genes segregate in the F g generation. There are 
sixteen ways in which the four types of gametes may mate (see 
Table 2). The expected properties may also be found by 
multiplying the gametic ratio (rAb : laB : iAb : xab) by itself 
algebraically thus arriving at the zygotic ratio resulting from the 
contributing gametic ratios. 

Conclusions. Several definite conclusions may be drawn from 
the foregoing experiments. In the sporopliyte, with a diploid 
constitution, factors controlling character inheritance are present 
in duplicate; either there may be two identical allelomorphs, or in 
hybrids two different allelomorphs. These separate from one 
another at meiosis as self-propagating units uninfluenced by their 
association together. The resulting haploid generation contains 
one representative of each pair of allelomorphs. The expectation 
of a 1: 1 ratio of segregation is found. 

As postulated by Mendel, the gametes of a normal plant or 
animal are pure (but see p. 177) for one member of each pair of 
allelomorphs. Further, each pair of allelomorphs segregates 
independently of other pairs (but see p. 73). By random mating of 
the gametes produced in the definite 1: x ratio in respect of two 
allelomorphs, it is expected that the resulting zygotes will be 
formed in definite and corresponding proportions. Thus by selfing 
a plant which produces gametes containing factors A and a in the 
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ratio i: i we expect the progcncy to be in the ratio of (xA : xa)* or 
iAA: 2Aa : laa. 


INCOMPLETE DOMINANCE 

Some characters, such as distribution of colour in the flower of 
Primula sinensis, are not completely dominant. There are two 
factors D and G which suppress colour in the petals of J\ sinensis, 
G makes the gynoecium green and inhibits the expression of colour 
in the centre of the petals. D inhibits colour on the periphery of 
the flower. Therefore a plant with the factors DG will have white 
flowers. In plants with red stigmas, i.e., with the recessive factor 
g instead of the dominent G, it is found that these plants DDgg have 
a coloured centre to the flower, the so-called " Duchess " type, 
ddgg flowers are pigmented throughout while Ddgg is flushed at the 
edges, the .so-called " General Buller.” Thus it is seen that plants 
of the constitutions DD and Dd are different in appearance, due to 
the fact that D is not completely dominant over d. If we cross two 
heterozygous plants Ddgg (General Buller) together, we obtain 
progeny in the ratio of i Duchess DDgg : 2 General Buller Ddgg: 1 
fully pigmented plant ddgg. 

INTERACTION OF FACTORS 

Complementary Factors. Bateson and Punnett crossed two 
plants of “ Emily Henderson/' a white-flowered variety of sweet pea 
(Lathyrus odoratus), and obtained an F lt all of which had red flowers. 
On selling this F x , the F 2 progeny segregated into nine coloured 
and seven white-flowered plants. It was found that two dominant 
factors C and R were required to be present together to produce 
colour, and when only one or neither was present no colour was 
produced. Hence the F 2 would segregate in the ratio gCR : 3Cr ; 
3 cR : icr (see chequerboard, Table 2), of which only the first 
group would be coloured. These factors C and R are called 
“ complementary ” factors. 

It was found that another factor B 1 converted the red colour of 
CR plants into purple but did not affect the white flowered plants. 
An F 2 from the crossing of plants with the constitutions CCrrBIBl 
and ccRRblbl (both white-flowered) segregated in the ratio of 
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27 purples: 9 reds: 28 whites. The factorial scheme can be 
summarised therefore as follows :™ 

CRB 1 purple, CRbl red and other constitutions white. 

The following examples are quoted to direct attention to the 
subject of complementary factors, a full account of which is given 
by Matsuura (1933), Onslow (1925) and Scott Mon cried (1936). 

In Matthiola incana, Tschermak (19x2) and Saunders (19286) 
found two complementary factors C and R for red sap colour. Other 
factors modified the expression of C and R. Two factors H and K 
were necessary for the production of hoarine&s, but these factors 
were only effective in the presence of C and R„ 

Blakeslee (19216) found that there were two different yellow bud 
cones in races of Ruclbeckia , which, when intercrossed, gave a ratio 
of 9 purple : 7 yellow in the F*, indicating that two complementary 
factors were segregating. On treatment with potassium hydroxide, 
he found that one type of yellow turned black while another turned 
red. Hence by testing the F 2 progeny he separated the yellow 
group into a ratio of 4 which turned red to 3 which turned black. In 
other words, by chemical means, Blakeslee was able to identify those 
yellows which carried one of the complementary factors for purple. 

In Antirrhinum majus, Baur (19x0, 19x1) found that ivory- 
flowered plants when crossed to certain white-flowered plants give 
a magenta F x and a ratio of 9 magenta : 3 ivory : 4 white in the F 2 . 

Here, therefore, one of the dominant factors, even in the absence 
of the dominant member of the other pair, affects the character 
expression (ivory). Similarly, the cross yellow-flowered x certain 
white-flowered plants gives a red F x and a ratio of 9 red : 3 yellow ; 
4 white plants in the F 2 . 

In maize four factors CRAPr produce the full purple-coloured 
aleurone layer in the fruit, East and Hayes (igri) and Emerson 
(1918). 

The progeny of a plant heterozygous for three factors C, R and A 
segregates in a ratio of 27 coloured to 37 colourless, indicating that 
these three factors are complementary for colour. This phenomenon, 
where two or more non-allelomorphic factors affect the same 
character, is of frequent occurrence in plants and animals. One 
factor such as Pr, which converts the red colour of CRA into purple, 
may suppress the characteristic expression of these non-allelo- 
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morplric factors. Such a factor is epistatic to the hypostatic CRA 
factors (Bateson, 1930). One factor may modify without completely 
suppressing the expression of another factor. Such a factor is called 
a modifying factor. For example, Fraser (1924) found that the 
intensity of colour depended on a factor u In " the presence of which 
lightened the shade of colour produced by the factors CRAPr or 
CRApr. Hence the factors for aleuronc colour are 

CRAPrln light purple, CRAprln light red, 

CRAPrin dark purple, CRAprin dark red, 

all other combinations being colourless. 

East and Hayes have shown also that the presence of an 
inhibiting factor I prevents the formation of colour in the aleurone 
layer even when CRAPr are present. Emerson (1918) points out 
that the expression of colour in the aleurone grain layer is also 
influenced phenotypically by endosperm characters, which are con¬ 
trolled by factors independent of those mentioned. For example, with 
waxy endosperm the purple colour of CRAPr appears a dull black. 

Kvakan (1924) added Bn, the factor for Brown aleurone to the 
factors involved in aleurone colour. When the endosperm is 
colourless, due to absence of CRA, the caryopsis is yellowish in the 
presence of Bn, but in the presence of CRA the aleurone assumes the 
brown characteristic. Bn is unrelated to the other factors in the 
development of colour in the aleurone. Thus I does not inhibit the 
expression of Bn. 

The complex interaction of factors is further illustrated by 
colour inheritance in the vegetative parts of maize. Three funda¬ 
mental factors are involved. A, the factor already seen in 
connection with aleurone colour, is necessary for the production of 
anthocyanin, chrysanthemin (Sando, Milner and Sherman, 1935). 
PI converts the red of A plants to purple, and B gives rise to a 
flavone (brown) isoquercctrin. The scheme is therefore 

ABP 1 purple, 

ABpl sun-red, 

AbPl dilute purple, 

Abpl dilute sun-red, 
aBPl brown, 

all other combinations green. 
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Hence a cross, ABP 1 x abpl will produce in the F a a ratio of 
27 purple: 9 sun-red: 9 dilute purple : 9 brown : 3 dilute sun-red : 
7 green plants. Cf. Table 3 for the results obtained by Emerson 
(1921 6). 

The backcross of the F x to the bottom recessive abpl will segregate 
in the ratio of 1:1: x : x : 1: 3 of the above categories. 


Table 3 (compiled from Emerson’s results). 


Cross. 

Purple. 

Sun-red 

m. 

nil. 

Brown, 

<*mn. 



purple. 

sun-mi. 



AaBbPlpl X 

obs. 052 

305 

275 

C)I 

278 

216 

AaBbPlpl 

exp. 893 

298 

2()8 

<)<) 

298 

232 

AaBbPlpl X 

obs. 170 

160 

I76 

jOo 

172 

479 

aabbplpl 

exp. 165 

165 

165 

: 165 

165 

495 


Dilute sun-red can be of two constitutions, AA or Aa with b and 
pi in the recessive condition, and brown can Ire of four constitutions, 
BBP 1 P 1 , BbPlpl, BbPIPl or BBPlpl, together with the recessive a. 
The cross, dilute sun-red X brown will therefore give rise to a 
definite series of ratios, depending upon the constitutions of the 
parents used. 

Emerson found that nine crosses of this type produced all purple 
offspring. The constitutions of the parents were therefore dilute 
sun-red AAbbplpl, and brown aaBBPIPl. 

Seven crosses of this type produced 143 purple (AaBbPlpl) and 
147 sun-red (AaBbplpl), therefore the parents were dilute sun-red 
AAbbplpl and brown aaBBPlpl. Six crosses of this type gave 
105 purple (AaBbPlpl) and 123 dilute purple (AabbPlpl), The 
parents were therefore dilute sun-red (AAbbplpl) and brown 
(aaBbPIPl). Four crosses gave 9 purple: xx sun-red: 19 dilute 
purple: 17 dilute sun-red, therefore the parents were of the 
constitution, dilute sun-red (AAbbplpl) and brown (aaBbPlpl). 

It will be seen that although the phenotypes of the brown plants 
were alike, the genotypes were different and gave different products 
when crossed to dilute sun-red. 

These results obtained by Emerson are extremely interesting and 
useful for the study of normal mendelian segregation of more than 
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one factor. Emerson has tested out all the possibilities by inter¬ 
crossing plants with the different constitutions, and has obtained 
confirmatory evidence of the correctness of this factor hypothesis. 

In carrying out this work he was also able to show that there was 
a multiple allelomorphic scries, of which R, one of the factors 
concerned with aleurone colour inheritance, was one member. 
These allelomorphic factors affect the expression of APB1 plants, and 
also several other combinations. For example, Hr and rr give pink 
anthers. Both are dominant to the allelomorphs Rg and rg, which 
give green anthers. Emerson found that plants which were 
normally dilute purple or dilute sun-red were green in presence of 
homozygous RgRg, but in the presence of Rr or rr they were 
normal. 

The most remarkable feature of this allelomorphic series is that a 
single factor behaves as a dominant to another of the series in respect 
of colour in one part of the plant, while in another part of the plant 
the same factor is recessive. Thus Emerson obtained the following 
results:— 

Erg gives green anthers and silks in all coloured plants except brown 
plants. 

Rg and rg give green anthers and silks in purple and sun-red plants, 
and also give green plants in dilute sun-red and dilute purple 
plants. 

Rch intensifies brownish purple and dilute purple probably through 
its action on the factor B, 

Rr is dominant for aleurone and plant colour, 
rg is recessive for aleurone and plant colour, 

rr and rch are recessive for aleurone colour and dominant for plant 
colour, 

Rg is dominant for aleurone colour and recessive for plant colour, 
Rrg is dominant for both, but recessive for anther and silk colour. 

In Primula sinensis there are at least seven main factors which 
must be present in the dominant condition to give the normal leaf 
shape (palmate) to the plant. The recessive allelomorphs that have 
been identified by a characteristic expression of the leaf character 
are " fern,” “ tongue,” “ oak,” “ maple,” “ claw ” and two different 
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factors which crimp the leaf. (Gregory, dc Winton and Bateson 
(1923) and de Winton unpub.). In Pharbitis Nil, Imai (1926-1931) 
finds that it is necessary for seven fundamental factors and three - 
modifiers to be present as dominants, together with the recessive 
allelomorph of" Blown,” in order that the normal leaf shape may lie 
obtained. The recessives of the seven fundamental factors are 
" dragonfly,” " cordate,” “ maple,” " willow,” " polymorphic,” 
" acuminate,” and " pear ” named according to the effect on the 
character of the leaf. Among these recessives it is found that 
dragonfly is hypostatic to both cordate and maple, and cannot be 
recognised in their presence. There is also a dragonfly suppressor 
which as a dominant inhibits the dragonfly recessive’s action. Both 
in Primula, sinensis (Anderson and dc Winton, 1935) and Pharbitis 
Nil these factors which have been identified by froir effect on the 
leaf, influence the characters of other parts of the plant, and in 
particular the shape of the petals. For example, the willow factor 
in Pharbitis produces narrow cotyledons and petals and makes 
the plant female sterile, while maple divides the normally gamo- 
petalous corolla into five cut segments. Obviously there will be 
many other factors in Primula and Pharbitis which control the 
development of the leaf. 

Imai (1931a, b) has summarised the known facts regarding flower 
colour in Pharbitis Nil. Besides three factors, W,, W 3 and W 3 , of 
which W, and W 3 are complementary for colour, the recessive factor 
pr, converts a blue into purple, and mg converts a blue into magenta, 
while prmgW I W 2 is red. There is a factor dy which gives a dusky 
flower; this factor is hypostatic to dk, which gives a duskish flower. 
Governing flower tones, there is a factor, i, which intensifies colour, 
and two factors, ltj and lt 3 , hypostatic to i, which lighten colour. 
Dilute D is a dominant which reduces colour, while the factor for 
tinged is a recessive which also reduces colour intensity. 

In Pharbitis Nil, Imai (1921) and Hagiwara (1923) (see Matsuura, 
1929) found that the cross, red-stemmed white flower X green¬ 
stemmed white flower gave a coloured F x and a ratio of nine coloured 
to seven white-flowered plants in the F 2 . Two complementary 
factors, C and R, are therefore concerned in colour production. In 
addition, three other factors, A, PI and B, are concerned in modifying 
this colour, thus :— 
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CRAP 1 B blue. 

CRAPlb purple. 

CRAplB purple. 

CRAplb scarlet. 

CRaplB dark red. 

Cr,cR and cr combinations white. 

In the neighbouring species, Pharbitis purpurea , Barker (1917) 
found two complementary factors, C and R, for colour production. 

In Portulaca grandiflora , Yasui and Ikeno (cf. Matsuura, 1929) 
showed that five factors are involved in flower colour, thus :— 

C orange. 
gg^CG yellow. 

CF flesh colour. 

CR red. 

CRB magenta, 
c white. 

Ikeno was able to identify phenotypically three types of white. 
White (1) is free from all pigment, and when crossed to orange 
gives in the F 2 , 3 orange : 1 white. White (2) has a few magenta 
spots on the petals or filaments, and when crossed to orange produces 
in the F 2 , 9 magenta : 3 orange : 4 white. Pseudo-white (3) has 
reddish pigment in the stem and leaves, and purple spots at the base 
of the white petals. Pseudo-white (Ps)C X white ( 1 ) gives an 
orange F x and a ratio of 9 orange : 3 pseudo-white : 4 white in the F 2 . 
Pseudo-white is PsPsCC. The heterozygote PspsCC does not inhibit 
the orange of C. This is an interesting case of incomplete epistacy, 
and shows the effect of balance between factors on the character 
expression. 

In Primula sinensis (de Winton and Haldane, 1933) the following 
genes have been found to affect flower colour :— 

VKBR magenta. 

VKBr blue. 

VKbR red. 

VKbr slaty. 

VkBR pale coral pin! 
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VkBr nearly white. 

VkbR coral pink. 

Vkbr pale coral pink. 

v all constitutions almost white, but some 
may he distinguished by chemical tests. 

VK produces an anthocyanin, malvidin-3-monoglucoside, B pro¬ 
duces a flavone which acts as a co-pigment and R may produce more 
acidity in the cell sap than r, or r may change the anthocyanin 
molecule. 

Reference should he made to Matsuura (1033) who lists many 
other example of complex interaction of genes which control diverse 
characters in different species. The following species are to he 
recommended as striking examples of interaction —Pharbilis Nil 
(Imai, 1931a); Poriulaca grandifiom (Yasui and Ikeno (see 
Matsuura, 1929)) ; Linum usitatissimum (Tammcs, 1922, etc., 
Kappert, 1925a) ; Lupinus angusH/olius (Hallquist, 1921) ; Pimm 
sativum (Winge, 1936). 

Genetics of Plant Pigments. Onslow (1932, 1935), Willst fitter, 
Karrer, Robinson and their collaborators have submitted plant 
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Fig. 10. Anthocyanin pigments. 

pigments to chemical analysis. As a result of work on genetically 
known varieties there appears to be a regularity in the relation of 
chemical change and gene substitution. Scott-Moncrieff (1936) 
summarises the work on the chemistry of genetic material while 
Wit (1937) adds further evidence from Aster. The most important 
sap pigments for the production of coloured flowers are anthox- 
anthins—flavones and flavonols, and anthocyanins and their 
glucosides. Anthoxanthin production influences (a) the background 
colour-ivory (apigenin) to yellow (apigenin and luteolin) ; (ft) the 
colour produced by anthocyanins—co-pigment effect (apigenin)-a 
blueing effect; (c) the degree of anthocyanin pigmentation by 
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Table 4. 

( Scott-Moncricff , 1936) 

The biochemistry of flower-colour variation. 


I, Yellow plastic! production 
Cheiranthus Cheiri 

IL Yellow onthoxanthin production 
Antirrhinum majus 

Primula acaulis 
Dahlia variabilis 


III. Ivory anthoxanthin co-pigment pro¬ 
duction 

Primula sinensis 
Primula amulis 
Dahlia variabilis 

IV General anthocyanin production 
Primula acauhs 
Dahlia variabilis 

Antirrhinum majus 
Cheiranthus Cheiri 

V. Specific anthocyanin production 
Primula sinensis 

Papaver Rhoeas 


VI. Oxidation of anthocyanin aglycone 
A ntirrhinum majus 
(3-rhamnoghioosides) 

Papaver Rhoeas (3-biosides) 
Cheiranthus Cheiri (3-5-dimonosides) 

Dahlia variabilis (3-5-dimonosidea) 

VII. Oxidation and methylation of antho¬ 
cyanin 

Primula sinensis (3-monosides) 
Pelargonium zonale (3-5-dimonosides) 

Pharbitis nil 

VIII. Local change in pH 
Primula sinensis 
Primula acaulis 
Papaver Rhoeas 


Varieties 


Dominant 

... A ... , 

Recessive 

Factor 

Yellow 

Lemon) 

V 

Brown 

Purple} 

X 

Yellow 

White \ 

V 

Bronze 

Rose dor6 j 

X 

Yellow 

Ivory or white 

Y 

Yellow 

White ) 


Apricot 

Magenta [ 

Y 

Scarlet 

Purple J 


Magenta 

Red \ 

B 

, Blue 

Slaty) 

W 

Bluish magenta 

Rosy magenta 

I 

Magenta 

Ivory or yellow 

B 

Magenta 

Ivory 

A 

Scarlet 

Yellow 

B 

Magenta or red 

Ivory 

L 

Brown 

Yellow | 

(CR) 

Purple 

Lemon j 

Orange 

Coral ) 

Dz 

Bright magenta 

Magenta [ 

Crimson-scarlet 

Scarlet 

Crimson-magent 
Pink or salmon 

aj t 

Hose-crimson 

Pink | 

| 

flushed 

Scarlet 

1 

Pink or salmon j 

1 " 

Cyanidin 

Magenta 

Pelargonidin 

Red 

B 

Pink or crimson 

Salmon 

£ 

Purple 

Pink 

P 

Rosy-purple 

_. j General factorial 

Pur P le | balance 

Malvidxn 

Pelargonidin 


Red 

Coral^ 

K 

Pink 

Salmon 

X 

Peomdin 

Pelargonidin 


Purple 

Red 

M g 

Magenta 

Blue 1 

B 

Red 

Slatyj 

S 

Scarlet 

Claret 1 

p 

Pink 

Mauve J 
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competing for the common source from which both anthoxanthins 
and anthocyanins are manufactured. 

The anthocyanidins are of three basic typos prlargonidms, 
cyanidins and delphinxdins, differing from one another only by 
hydroxyl groups at 3' and 5' on the side phenyl ring. Fig, 10 gives 
the formula) of the glucosides of these types as chlorides -the 
most easily isolated form. The remaining authoryanidins are 
derived from these by mcthylation, oxidation or both at 3', 5', and 
7'. The anthocyanins in nature arise from anlhoeyanidins by the 
replacement of an H by a hexose or biose or pentose group at 
3' or 5'. Table 4 from Scott-Moncrieff classifies the chemical 
changes in relation to the gene changes. It will be seen that 
there is a fairly consistent relationship. In Aster, Wit finds a 
gene M which produces the sugar molecules at 3' and 5' of all 
genotypes, whereas the allelomorph m removes that at position 5', 
A multiple allelomorphic series R, r', r controls the number of 
OH groups—R produces OH at 3'. 4 '. 5 '; r' produces OH at 3'. 4' 
and r produces OH only at 4'—hence the types ddphinidin, cyanidin 
and pclargonidin are interchanged by substitution in one allelo¬ 
morphic series. 

Intensification and inhibition of the anthocyanin production 
both throughout the plant and in parts of the flower may be 
influenced by genes. In addition, plastid pigments such as xantho- 
phyll and carotin influence the final appearance. Co-pigmeniation, 
oxidation, demethylation and increase in pH all tend to make the 
pigmentation due to anthocyanins more blue-toned. 

Wit's analysis of the genetics and chemistry of the China Aster 
indicates the type of relation generally encountered. The gene W 
is a basic gene for the formation of chromogen necessary for general 
anthocyanin production. The allelomorph w d only allows dilute 
colours to be produced and w prohibits anthocyanin production. 
The gene M determines the number of sugar molecules which are 
attached to the anthocyanidin molecule—two at positions 3' and 5'. 
The allelomorph m prevents the sugar molecule at position 5', 
The allelomorphs R, r' and r determine the number of OH groups 
at 3', 4' and 5'— R gives three OH groups, r' cuts out that at 
position 5' while r cuts out both OH groups at 3' and 5 b Thus 
the three basic types delphinidin, cyanidin and pclargonidin are 
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controlled by one allelomorphic series. The allelomorphs I and i 
also influence the degree of oxidation of the pigment , The 
constitution RI gives delphinidin; ri gives pelargonidin. The 
presence of I and r add cyanidin to pelargonidin and I with r' gives 
a mixture of delphinidin and cyanidin. Other combinations give 
mixtures of varying composition. The stability of the pigment 
(viz., in sunlight) depends on S. Pa increases and the allelomorph 
decreases the amount of pigment present. The formuhe for the 
several colours in so far as they have been worked out are « 


Table 5 


WRPA 
M IS 

Is 
iS 
is 

violet blue 

violet 

blue 

Wr x PA 

purple 
violet purple 
lilac 

lilac purple 

WrPA 

carmine 
deep carmine, 
deep pink, 
salmon pink. 

m IS 

Is 
iS 
is 

fading violet 
brown violet 
slaty blue 

fading purple 
brown purple 
slaty purple 

scarlet pink, 
scarlet, 
salmon pink, 
red. 

w d RPA 
M IS 

iS 

m iS 

dilute blue 
dilute purple 
dilute slaty 

w d r x PA 

dilute lilac 

w d rPA 

dilute pink, 
dilute shell-pink 
dilute salmon. 

=wRPA 


wr x PA 

wrPA 


no colour. no colour no colour. 


Overbeek (1935) has shown that the dwarf race of maize, clue 
to the gene na, reacts to auxin less than normal and destroys 
more auxin than normal maize plants. The catalase activity of 
nana is 15-19 as compared with 10 in normal. Much experi¬ 
mentation is at present in progress connecting gene action and 
physiological phenomena. 

Transplantation Experiments. Ephrussi, Clancy and Beadle 
(1936), Ephrussi and Beadle (1937), Beadle (1937) found by 
transplanting imaginal discs of an eye from a Drosophila larva of 
one genetic constitution to a larva of another constitution, that 
the implant may have an eye colour which does not correspond to 
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its own genetic constitution. Thus vermilion disc transplanted to 
wild type gives wild type eye; vermilion disc transplanted to cinna¬ 
bar eye host gives cinnabar. From these and other results it is 
postulated that three diffusible substances are involved in the 
colour-development of wild type eye. Cinnabar is deficient in one 
of these substances, cn 1 *, and vermilion is deficient in v ! and on* 
while claret eye genotypes are deficient in ca 1 substance. By 
studying many transplants the authors were able to postulate that 
a chain reaction—ca* substance-~ v ** substance cn 1 substance « 
produces the three substances in a sequential order, The poten¬ 
tiality of one eye colour gene to approach the wild type gene in 
expression depends on whether ca, or ca, v or cav and cn are present 
in the discs. Fat bodies are concerned with the production of v 1 
and the Malphigian tubes of certain genotypes contain both v* and 
cn' 1 ' substances. By inter-transplanting in four Drosophila species, 
Howland, Clancy and Sonnenbliek (1937) showed that the vermilion 
genes in these species gave the same reactions as found within 
Drosophila melanogaster. 

No controversy, but considerable loose thinking sometimes 
prevails on the nature of the relationship of gene action and inter¬ 
action. A geneticist would not agree to the view that a phenotypic 
expression results directly from a gene. The new data from 
pigments illustrates the complicated nature of the relationship 
between gene and character. Competition for basic substances 
from which to manufacture specific colour pigments, and dependance 
of one gene’s action on that of another are two of the many possible 
interactions. The complete ignorance of how the gene starts 
reactions necessitates mental caution in the use of the mnemonic 
terminology of genetics. 

The terms dominant, recessive, epistatic, hypostatic, comple¬ 
mentary, polymeric, duplicate (see p. 210), pleiotropic, lethal, 
sub-lethal and others are useful for purposes of description of the 
phenotypic effects and actions of the factors. It should be 
emphasised, however, that the nature of the factor itself is not 
designated by these terms. Further, there is an almost continuous 
series grading from one type of inheritance to that of another. 
For example, two factors together may give a 15 ; 1 ratio or a 
9:3:3:! ratio or a 9 : 3 : 4 ratio or a 9 : 7 ratio or a 12 : 3 : x ratio. 



INHERITANCE OF POLLEN CHARACTERS 35 

In the first case each factor is completely dominant over the reces¬ 
sive allelomorph, and the phenotypic effect of both factor actions is 
similar. In the second case the expression of the actions of the 
two factors is different. In the remaining cases there are varying 
degrees of expression dependent -on the ability of the factors to 
determine characters along or in conjunction u with the comple¬ 
mentary factor. These ratios depend on (1) our ability to separate 
one class of plants from another, e.g., Blakeslee (1921 b) was able 
to transform a 9 : 7 ratio into a 9 : 3 : 4 ratio by treating the young 
inflorescences of Rudbeckia with caustic potash, (2) the relative 
dominance of the factors over their allelomorphs, and (3) the genetic 
background of all the factors to the one considered. The character 
expression of a factor A may or may not be distinguishable from 
that of a unless certain other factors are present. 

In the complex construction of a plant there will be many genes 
with wide and diverse effects. Some of these will be discussed under 
inheritance in pollen, dimorphism, incompatibility, lethal factors, 
xenia. 

Inheritance of Pollen Characters. Various authors have considered 
the reasons for the deficiencies of the recessives in the maize examples 
quoted on p. 19. A percentage of 23-9% in place of 25% in the 
F 2 while 49-5% in place of 50% in the genetic output were found in 
the segregations of the recessive waxy in maize. All authors agree 
in suggesting that the growth in the style of the pollen tubes 
carrying the factor for waxy and for non-waxy respectively, is 
different. Brink (1924, 1925), and Brink and McGillivray (1924), 
showed that the cross, waxy x heterozygous non-waxy gave a 
lower proportion of waxy endosperms than the reciprocal cross. 
They have also shown by desiccation and other methods that the 
pollen tubes containing non-waxy and waxy exhibit different 
physiological reactions. Brink (1929a) finds that the extracts of 
waxy pollen tubes have less diastatic activity than extracts of non- 
waxy pollen tubes. 

The styles of maize show a gradation in size from the top to the 
bottom of the ear. Brink and Burnham (1927) found that the 
upper and lower halves of the ear, when pollinated by pollen from a 
Wxwx plant, gave the same percentage of waxy endosperm. They 
were therefore led to the conclusion that in the early stages the two 
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types of pollen grew at different rates, but in later stages at the same 
rate. The style contains sugars but the pollen contains starch or a 
starch-like carbohydrate, and the two types of pollen differ in the 
rate at which their extracts hydrolyse starch. This suggests that 
in the early stages the pollen tubes containing the non-waxy factor 
Wx differ in their physiological reactions from those containing the 
waxy factor wx, and that this is reflected in their growth rate. 
When all the starch reserve in the pollen is used up, both types of 
pollen tubes will absorb sugars from the style, and consequently 
the rates of growth at the later stages will not be affected by the 
difference in diastatic activity. 

Mangelsdorf and Jones (1926) pointed out that in Kempton’s data 
(1919) certain F t plants of maize, when selfed, gave the expected 
proportion of waxy: non-waxy progeny, but that others gave 
lower proportions of waxy than was expected. I f plants which give 
the normal ratio are designated as N plants, and those which give a 
lower proportion of waxy as L plants, the following crosses can be 
made :LxN, L x L, N x L and N x N. Kempton’s results 
showed that LxN and N X N have 25-1% and 25-4% of waxy 
grains respectively, but N x L and L x L gave 22-9% and 22-6% 
respectively when the expected in every case was 25%. 

Thus, when N plants were used as male parents, the progeny gave: 
results close to theoretical expectation, but when L plants were used 
as males the progeny gave 22-6% of waxy; a deviation from 
expectation of 5-8 times the probable error. It is presumed by the 
authors, therefore, that an accessory factor is sometimes coupled 
to waxy, which reduces the number of waxy-carrying pollen tubes 
affecting fertilisation. This had also been suggested by Brink and 
McGillivray (1924). 

Mangelsdorf (1931) passed sugary and starchy pollen through 
sieves of 0-088-0-062 mm. apertures. When the different fractions 
were used for pollination it was seen that the sugary and starchy 
characters were associated with size of pollen. (Inly 25% sugary 
plants were produced from the smallest fraction whereas 93% 
resulted from the largest fraction. 

Mangelsdorf and Jones (1926) found that the factor de* causing 
defective seeds in maize was linked to Ga, a factor which speeds 
up pollen tube growth. The result of another series of experiments 
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relating to plants with sugary endosperm have been brought into 
line with those of de 1 by East and Hayes (1911), Jones (1924) and 
Emerson (1925). Owens (1902) found that the F 2 of the cross 
“ Rice pop ” x sugary always had too few grains with sugary 
endosperm ; generally there were 16-2% instead of 25%. Control 
crosses showed that when the homozygous dominant Su Su 
(cornaceous) was crossed with the heterozygote Susu there was a 
large excess of SuSu plants in the progeny. When the female 
parent was susu there was no marked deviation from the expected 
ratios. Jones (1924) concluded that there was apparently an 
interaction between the pollen tubes and the stylar tissue such that 
pollen tubes carrying the dominant factor Su were more able to 
accomplish fertilisation than the pollen carrying its recessive 
allelomorph su. This only occurs in a sporophyte which also has 
the dominant factor present either in the homozygous or 
heterozygous state. 

Brink and Burnham (1927) showed that the sugary factor su 
might exert a differential action on Wx and wx pollen, leading to 
marked deficiencies in the waxy: non-waxy ratio. This occurs 
only when the pollen parent is susuWxwx, and not when doubly 
heterozygous SusuWxwx. To account for the different reactions 
between homozygous susu plants and heterozygous Susu, the 
authors suggested that susu plants exerted a cytoplasmic influence 
on the pollen tubes, retarding the growth of wx pollen tubes as 
compared with Wx. It is interesting to note that Brink does not 
find differences in diastatic activity between Su and su pollen as he 
did between Wx and wx. 

Mangelsdorf and Jones (1926) show that Ga, Su and de 1 are linked 
together and that the peculiar behaviour of Su and de 1 is due 
primarily to their relationship to Ga. They therefore brought into 
line the factor for defective seeds de 1 and Su which also gives a 
reduced number of recessives 19*8%. 

Brieger, Tidbury and Tseng (1938) have shown by scoring the 
phenotypes in each quarter of the ear that Ga 2 and ga 2 carrying 
pollen tubes grow at different rates, while a new gene ga 3 linked 
with C, sh, wx, also shows a reduced rate of pollen tube growth and 
may be the cause of the aberrant ratios of wx. 

Certation. Heribert-Nilsson (1920) found that reciprocal crosses 
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in CEnothera Lamarckiana between red-nerved plants Rr and non-red- 
nerved plants rr gave different proportions of the two types, 
Rr x rr gave a ratio of i: i (181:174) as expected, while an excess 
of red-nerved plants appeared in the reciprocal cross, 254 : 93. Jfu 
suggested that the pollen tubes carrying R grew faster than those 
carrying r. This competition in growth of the pollen tubes of 
different genetic type he named certation. He also found that the 
difference in rates of growth of the two types was influenced by 
external environmental factors such as temperature, Davis (1926) 
using Fj plants from the cross CEnothera Lamarckiana x 0. Nunclla 
brevistylis, which are heterozygous for the factor for red-nerved R, 
decapitated the style at various intervals of time after pollination! 
He found a ratio of 1 Rr : 5 rr when the styles were cut off 23 
hours after pollination and 1 Rr : 2-8 rr after 27 hours. Davis 
shows that the pollen of the mutant CEnothera brevistylis is slower in 
growth than that of 0 . Lamarckiana, while Hiorth (1916) reports 
several crosses in the genus where differences in pollen tube growth 
are found (see p. 270). Sirks (19266) obtained similar differences 
m ratios of Datura, involving the characters purple-white, armed 
inermis. 


In Melandnum, Correns (19x8, 1921) found that pollination with 
few pollen grains gave 50% of males in the progeny, but with much 
poffen the average percentage was 35% males. Certation between 
the male and female determining pollen tubes appears to be the cause 
0 this difference. Where much pollen was applied, the female 

eterminmg pollen tubes achieved fertilisation more often than the 

male determining pollen tubes. 

This difference in growth rate was confirmed by Correns by 

haff nfT 61 He f ° Und ^ the S6ed fr0m the u PP er stylur 
Th° Var I gaVe 32% males while the lower half gave 43% 
males This indicates that the ovules nearest to the base of 

^ ^ gr ° Wing femalc ^mining 

? S ’ tlms forcm g male determiners to travel further 

own the ovary to reach an unfertilised ovule. Further, by cutting 
off the styles at a definite time after pollination, Correns showed that 

Sr*"; obl tt din ’““■*>*> 

view that the nucleus of the female determining poffen main reaches 
the ovule more quick* than that of ^ 
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If the pollen grains of Melandrium are either exposed to alcohol 
vapour, or allowed to age by keeping, there is a larger mortality of the 
female determining grains than of the male determiners. Similar 
results were found by Correns in Rumex acetosa , while a considerable 
number of examples of certation are to be found among the later 
described aneuploids (see p. 243). 

Nilsson Ehle (19116) in Wheat, Bateson and Sutton (1919) 
in Begonia, Saunders (19280), Frost (1915), Snow (1924, 1925), 
Waddington (1929) and Philp and Huskins (1931) in Stocks, have 
found further examples of certation. 

Dimorphism of Pollen. The contents of the pollen grains in 
several species differ in a genetical manner. For example, Renner 
(19190,6) showed that the shape of the starch in the different 
pollen grains of some (Enothera species was different. Enothera 
curvivelutina [Lamarckiana X muricata) has two types, one 
(.Lamarckiana) (see p. 270) having large spindle-shaped starch grains 
and the other (1 muricata ) with smaller, thicker, blunt-ended starch 
grains. 

Strasburger (1910) found that the pollen grains of Elodea remained 
together in tetrads so that he was able to obtain the four pollen 
grains which arise from the division of one pollen mother-cell. The 
male plant of Elodea is dimorphic in respect of the sex chromosomes 
(Santos, 1924) and produces two kinds of pollen—a male determin¬ 
ing and a female determining. By pollinating a stigma with one 
tetrad, Strasburger showed that the progeny segregated into two 
males and two females and that never more than nj 2 females or nj 2 
males resulted from n tetrads. He therefore showed that segregation 
of sex determiners occurred during the formation of the pollen grains. 

Santos (1924) found that there were two larger and two smaller 
pollen grains to each tetrad which corresponded to the male and 
female determining pollen grains of Elodea respectively. 

Bimodal curves for size of pollen grains have been found in 
Cannabis sativa (Sinoto, 1930), Melandrium (Tischler, 1925), and 
Rumex acetosella (Sinoto, 1930) among others (see Sinoto, 1930). 
These plants have sex chromosomes and the authors correlate the 
two sizes of pollen grains with the fact that segregation of sex 
determiners by means of sex chromosomes takes place during the 
reduction division in these plants. 
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SELF-INCOMPATIBILITY AND CROSS-INCOMPATIBILITY 

De Vries (1906) was the first to find intra-sterile inter-fertile 
groups of plants within a species —Linaria vulgaris. Among other 
species where similar intra-sterile inter-fertile groups are found arc 
Antirrhinum hispanicum, Baur (1919)1 Brieger (i 935 )» Petunia, 
violacea, Shull (1924), Wergen (1936), Capsella Bursa-pastoris, Shull 
(1926) and Kikuchi (1926, 1929), Reseda odorata, Compton (1912, 
1913), Brassica oleracea var. capilata, Detjen (1927) and Kukizaki 
(1930), Veronica syriaca, Filzer (1926) and Lehmann (1926), 
Verbascum phceniceum, Sirks (1926a), Cardaminc pratensis, Correns 
(1913), Baur (1924) and Beatus (1929, 1931), Nicotiana, spp. East 
and his co-workers (1917-1935), Prunus, spp. and Pyrus Mains, 
Crane and Lawrence (1923-1932), Crane and Brown (1937), Sears 
( 1937 )- 

In the case of incompatible pollinations it has been found that 
either the pollen tube grows so slowly that it is unable to reach the 
ovule before the flower withers, or the growth of the pollen tube is 
completely inhibited. 

Through the independent work of East and Mangelsdorf (1926), 
Lehmann (1926), and Sirks (1926a) on species of Nicotiana, Veronica 
and Verbascum respectively, the oppositional factor hypothesis for 
incompatibility was placed on a sound basis. The hypothesis had 
been suggested by Prell (1921) in a paper surveying the work of 
others. East and his co-workers (1925-1929) independently put 
forward the same hypothesis, and credit must be given them for 
providing extensive evidence of the validity of the oppositional 
factor hypothesis. 

Oppositional Factor Hypothesis. The work of East and Park 
(1917) on crosses between Nicotiana Tabacum and N. Sundone 
showed that there were three intra-sterile, inter-fertile groups x, y 
and z. All plants in each group were found to be self-sterile and 
intra-sterile, but plants of different groups were inter-fertile. A 
cross between group * and group y gave an F v consisting of equal 
numbers of plants belonging to groups y and z, while the reciprocal 
cross y xx gave equal numbers of 2 and * plants. It is significant 
that one of the classes in each F x corresponds to that of the male 
parent. East and Mangelsdorf (1926) put. forward the suggestion 
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that this behaviour is governed by a multiple allelomorphic series 
of incompatibility factors, and that pollen tubes carrying an incom¬ 
patibility factor will not function properly in stylar tissue having the 
same incompatibility factor. 

The assumption is made that plants of group x have the factors 
S X S 3 , plants of group y have S X S 2 , and plants of group z have 
S 2 S 3 . In the cross x x y, (S X S $ x S X S 2 ) only S 2 pollen tubes are 
normally able to bring about fertilisation. Consequently this cross 
produces z (S 2 S 3 ) and y (S x S a ) groups in equal numbers. In the 
reciprocal cross y X x, (S X S 2 x S X S 3 ) only S pollen tubes function, 



Fig. ii. Compatible and incompatible pollinations. (Crane and 
Lawrence, 1929.) 

therefore the progeny consists of x (S X S 3 ) and z (S 2 S 3 ) groups in equal 
numbers (see Fig. 11). 

By pollinating in the bud stage it is sometimes possible to obtain 
seed from normally incompatible pollinations. This may be 
explained in either of two ways. Either the inhibition of pollen 
tube growth is less intense at the bud stage, or the greater length of 
time between pollination and the withering of the style allows the 
slow growing pollen tubes to reach the ovules. Four plants of the 
constitution y (S X S 2 ) were selfed in this manner and gave progeny 
of 14 S X S X : 81 S X S 2 : 38 S 2 S 2 plants. The homozygous plants S X S X 
and S 2 $ 2 when selfed in the bud bred true, and when normally 
pollinated with pollen from S X S 2 plants gave only S X S 2 plants. 

The cross S X S 2 x S 2 S 2 produces offspring of the S x $ 2 class. This 
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class is incompatible when used as a female in crosses with either 
parent, but may be used successfully as male parent with either. 
In each case it gives progeny of the S,S 2 type due to the functioning 
of pollen tubes carrying unlike factors. Similarly the cross S S x 
will be fertile, giving S t S 2 progeny, while the reciprocal'cross 
will be incompatible. 

Later Brieger and Mangelsdorf (1926) found that the multiple 
allelomorphs S,, S 2 and S 3 were linked with a factor C which con¬ 
trolled the development of colour in the flower, seed, and stem. 
The cross-over percentage in one plant, estimated from its progeny 
of 576 plants, was 24-5 ± 1-2% on the male side and 18-2 ± i-i% 
on the female side. In another plant the cross-over percentage was 
16-2% on the male side and 14-5% on the female side, estimated 
from a progeny of 220 plants. 

Fifteen incompatibility factors in this allelomorphic scries have 
so far been found, and hence an increased number of inter-fertile 
intra-sterile groups. The different factors have noticeably different 
degrees of reaction. For example, S 3 in the homozygous condition 
tends to be lethal, causing the plants to be dwarf with wrinkled 
leaves and abnormal growth and to be practically male sterile 
(East, 1930). 

Homozygotes of some factors may be obtained with comparative 
ease, whereas other factors are difficult to obtain in the homozygous 
condition. 


East and Yamell (1929) and East (1932) have found that there is 
a fertility factor S £ , which is a member of this allelomorphic scries 
Plants having the constitution S £ S X , where S x is any other factor 
of the senes, will be self-fertile, and on selling will only give self- 
fertiles of the constitution S £ S £ and S £ S X . b 

SjS x plants may be crossed with any self incompatible plant of the 
species and consequently self-incompatibles together with self- 
compatibles will appear in the progeny. Anderson and de Winton 

(1931) found another allelomorph S F which is able to inhibit the 
pollen tubes carrying the Sj factor. 

. F ^ zer ( x 926) and Lehmann (1926) independently put forward a 

nSTa T t0 6Xpla “ thC data “ Vvonica syriaca. All 
p ts are self-incompatible. Seventeen individuals were crossed in 

ah possible ways, and were found to fall into four intra-sterile, inter- 
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Table 6 

Compatible and Incompatible Crosses in Cherries 
(Crane and Lawrence, 1931). 
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Since the above table was published, Crane and Lawrence have found that 
S x — S 5 and Turkey Heart probably does not carry both S 3 and S 4 . 
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fertile groups consisting of seven, five, three and two individuals 
respectively. Intercrossing plants of any two groups produced 
plants of two groups in equal numbers, except in one case, where all 
four groups were obtained. If the four groups A, B, C, D were 
determined by four factors S v S 2 , S $ , S 4 (the authors, however, use 
the symbols a„ bj, c r , dj then A is S,S 3 - B is S 2 S 4 , C is S I S 4 , D is S 3 S 4 , 
and the cross A X B will give plants of all four groups, while every 
other type of cross will give two groups. 

Crane and Lawrence (1923-1932) have shown that all varieties of 
sweet cherries are self-incompatible and fall into nine intra-sterile 
inter-fertile groups. Reciprocal crosses between varieties of one 
intra-sterile group are sterile. The authors point out that the results 
are amenable to East and Mangelsdorf’s hypothesis of " incom¬ 
patibility " factors. By intercrossing varieties of different groups it 
has been shown that some groups have a factor in common. For 
example, the cross Biggarreau de Schrecken of group 2 with 
Governor Wood of group 6 gave two intra-sterile inter-fertile groups 
in the progeny, one of which fails with the male parent, Governor 
Wood. Hence, it can be assumed that Big. de Schrecken is of the 
constitution SA and Governor Wood S A- Similar results indicate 
that group 1 is SA. group 2 is SA> group 3 is S 3 S s , group 4 is 
S 2 S 3 and group 6 is S r S 4 (see Table 6). 

In the sour cherries, which are tetraploid, and plums which are 
hexaploid, partially self-compatible varieties are known as well as 
self and cross incompatible varieties. In the plums complete self¬ 
compatibility is also found. The results of Crane and Lawrence 
afford strong evidence that a hypothesis similar to that of East and 
Mangelsdorf is applicable to these phenomena in these polyploid 
fruits, but that the nature of these plants increases the complexities 
of behaviour. When pollen tubes carrying S 2 will not grow down 
S,S 2 styles it is difficult to say what the reaction of pollen tubes with 
SAS 2 factors will be in a style of the constitution SAS a S a s 3 s 3 > a 
situation which is possible in the hexaploid plums. Grades of self¬ 
incompatibility, together with a considerable proportion of one-way 
incompatibility, are to be expected in tetraploid and hexaploid 
species. For example, the hypothetical cross S t S AS a X S,S x S a S 3 may 
be compatible as a result of the pollen bearing S 3 with one other 
factor, but the reciprocal cross may be expected to be incompatible. 
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Sirks applied the oppositional factor hypothesis to explain 
incompatibility in Verbascum phceniceum, but found one-way 
incompatibility to be frequent. Crane and Lawrence suggest that 
since the chromosome number of V. phceniceum is 32, it is possibly a 
tetraploid. If this is indeed the case the polyploid nature of the 
species is a sufficient explanation of the phenomenon. 

Apples vary in their degree of self-compatibility, but only two 
varieties are possibly completely self-incompatible. Crane and 
Lawrence (19300), and Darlington and Moffett (1930), showed that 
the apple was a secondary polyploid. Instead of containing 17 
non-homologous chromosomes in the haploid set, the apple contains 
four sets of two homologous chromosomes and three sets of three 
homologous chromosomes. The primary basic chromosome number 
is presumably seven, i.e., there are only seven different types of 
chromosome present in the haploid set, but all are repeated more 
than once (see p. 222). We therefore expect the apple to behave 
like a complex polyploid in its mode of inheritance. The self and 
cross incompatibility results appear to be of this nature. 

Table 7 

Showing Inverse Correlation between Chromosome Number and 
Complexity , and the Frequency of Incompatibility 
{after Crane , 1932). 



Number of 
varieties tested. 

Percentage 
of varieties com¬ 
pletely self¬ 
incompatible. 

Percentage 
of varieties com¬ 
pletely cross¬ 
incompatible. 

Cherries (2% — 16) 

40 

100 

70 

Plums ( 6 x = 48) 

53 

40 

13-5 

Apples 

Secondary diploid (2 n = 

42 

4-8 

4*8 

(3 x 6 -f 4 X 4 ))- 
Secondary triploid (2 n = 

5 

O 

0 

(3 X 6 + 4 X 4 )t). 





Kakizaki (1930) obtained some interesting results from experi¬ 
ments with the cabbage. Here there are two types of self-incom- 
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patible plants; one which gives only self-incompatible progeny, 
and the other which segregates into self-compatible and self¬ 
incompatible progeny in a ratio of 1: 3 - Self-compatibles always 
segregate again into two types in a ratio of 30% self-incompatible : 
50% self-compatible. Certain matings between two self-compatible 
plants are reciprocally incompatible, and between self-compatible 
and self-incompatible plants some matings are compatible only when 
the former is the female parent and in other matings when the latter 
is the female. 

These facts obviously cannot be explained by blast and 
Mangelsdorf’s hypothesis alone. Kakizaki suggests that besides the 
oppositional allelomorphic series of S factors there arc sympathetic 
factors T t and T 2 which influence the pollen tube growth in the style. 
The S series is supposed to be epistatic over the T series, but T in 
double dose is more active than an S factor in single dose. For 
example, SjSjTjTj would be self-incompatible, since S, is in equal 
dosage to T, and is epistatic over T,. In SjSjTjT,, T t would cause 
the plant to be self-compatible. Some of the self-compatible plants 
would have the constitution SjSjTjTj and would segregate on selfing 
into 

x SjSjTjT, self incompatible 

1 s 3 s 3 t i t 1 

2 self-compatible 

or a ratio of x : 1. 

Self-incompatible plants could be of the constitution S 3 S 3 T,T 3 and 
would give a dihybrid ratio on selfing in the bud stage as in 
Nicotiana. Only four out of the sixteen possible matings of gametes 
would give self-compatible plants, i.e., two S 2 S 3 T l T l and two 
S 2 S 3 T 2 T, and the ratio obtained on selfing such a self-incompatible 
plant would be four compatibles to twelve incompatiblcs or 1: 3. 

This interesting hypothesis of Kakizaki merits further investiga¬ 
tion. Lawrence (1930), however, points out that Brassica has basic 
numbers of 8, 9 and 10, and that the evidence from the number of 
chromosomes in the Crucifer® indicates that Brassica may be a 
secondary polyploid. We therefore suggest that Kakizaki's results 
maybe the result of polysomic inheritance of incompatibility factors 
as Crane and Lawrence have already found in plums and apples. 
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Physiology of Pollen Tube Growth. That incompatibility is 
closely connected with pollen tube growth in the style, is supported 
by the histological studies of various workers. Jest (1907) finds 
that in Lilium the pollen tubes of self-incompatible plants grow so 
slowly that fertilisation is not achieved. Martin (19x3) found that 
pollen tubes in self-pollinated red clover grew much more slowly 
than pollen tubes in a cross pollinated plant. Coe and Martin 
(1920), and Williams (1925), found that when red clover was 
pollinated in the bud stage it set more seed. Williams suggests 
that this fact may be correlated with the slow growth of its own 
pollen tubes. 

In the apple Sansome finds that the pollen tubes descend inside 
each style as in Primula sinensis . Other investigators, among 
whom are Correns (19x3) for Cardamine pratensis, Compton (1913) 
for Reseda , Moore (1917) for Tradescantia, Crane and Lawrence for 
cherries, plums and apples, East and Mangelsdorf for Nicoiiana , 
Sirks for Verbascum and Gregor (unpub.) for Lolium and Dadylis, 
hold that the pollen tube growth in the style is the cause of 
compatibility or incompatibility of the matings in these plants. 

Sears (1937) has made a histological study of incompatible 
pollinations in various species. He shows that the reaction to the 
pollen tube takes place on the stigma, in the style or in the ovule. 
To the first group belong Brassica , Raphanus , Pelargonium and 
Secale . Inhibition in the style is found in Petunia violacece, 
Abutilon, Nicoiiana, Linaria, Nemesia. Degeneration of the ovules 
occurs in Gasteria. 

Whether incompatible pollen tubes are inhibited in growth or 
whether compatible pollen is accelerated or whether both inhibition 
and acceleration may be present in these plants is as yet undecided. 
The success of pollination in the bud, of incompatible matings in 
Nicotiana, red clover and cabbage does not decide the matter since 
the development of inhibitory substances may be restricted to a 
certain period in stylar degeneration. End-season fertility, by which 
normally self-sterile plants may give some seeds late in the season of 
growth, has been reported in Nicotiana , East (1923) and Anderson 
(1924), and in Lythrum , Stout (1922, 1923). It has been used by 
Kakizaki (1930) to support the view that there is an inhibitory 
action which wanes at the end of the season. This hypothesis. 
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however, is open to the objection that the flower does not wither so 
quickly at that time, therefore the slower growing tubes achieve 
fertilisation owing to the time factor alone. 

Evidence obtained by Kakizaki, Crane, and Lawrence, however, 
suggests that both inhibition of incompatible and acceleration 
of compatible pollen tubes takes place. In a tetraploid, although 
S&S& stylar tissue will not allow S l S i pollen to fertilise the ovules, 
pollen tubes carrying S,S 3 may be able to reach the ovules, due 
possibly to an acceleration of growth caused by the presence of S 3 . 
Here again there may be the objection that the ability of such a 
pollen tube to grow may be due simply to the nullification by S 3 of 
the inhibitory action of S,; the production of some inhibitory 
substance normally induced by S t may be stopped at the source by 
the presence of S 3 , rather than as implied by Lawrence, to the 
production of both inhibitor and accelerator which interact with 
one another. 

It should be mentioned, in passing, that the solution of the 
problem of incompatibility is of great importance to the fruit grower. 
It was well known, in an empirical manner, that certain fruit trees, 
if planted in isolation or in certain mixtures of varieties, were 
unproductive, and that certain other mixtures of varieties were 
productive. The scientific analysis has shown the cause of incom¬ 
patibility and furnishes valuable information as to which trees will 
be compatible inter se. 

All the above examples furnish evidence that the pollen grain 
cames generic factors and that these genetic factors have been 
segregated one from another at the meiotic division which is 
undergone by the nucleus during the formation of the microsporc 
from the microsporocyte. 

Belling (1914) found that when he crossed two races of Stizolobium 
50% of the pollen and eggs aborted, and Brink (19296) found a 
similar behaviour in maize. A hypothesis was put forward that 
there were two pairs of allelomorphs Aa Bb and that the gametes 
with the constitutions AB and ab were non-viable. Belling and 
Brink, however, make the important suggestion that some inter¬ 
change or translocation in the chromosomes may account for these 
cases Later we shall see that thelatter explanation is substantiated 
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FUNGI 

Heterothallism in the Fungi was first discovered by Blakeslee 
(1904) in certain species of the Mucorales. He showed that in these 
Fungi there were two strains morphologically similar but physio¬ 
logically different. One strain must come into contact with the 
other before sexual reproduction could take place. Blakeslee 
differentiated the strains by the symbols + and — and for some 
considerable time they were regarded as sexually differentiated. 
However, the very considerable work on Fungi by Kniep, Gwynne- 
Vaughan, Cayley, Dodge and others indicates that heterothallism 
is a form of incompatibility analogous to that discussed in 
Angiosperms. Indeed the phenomenon of "aversion” (Cayley, 
1931) bears the same relation to sexual differentiation as hetero- 
stylism and incompatibility. We shall therefore use the terms of 
incompatibility in place of those of sex determination in describing 
the phenomena. 

Phycomycetes. Burgeff (1928) investigated the behaviour of 
various so-called mutant forms of Phycomyces Blakesleeanus when 
intercrossed and when crossed with the original type. The different 
forms were piloboloides (ba), gracilis (gra), mucoroides (muc), 
arbusculus (arb) and pallens (pal). Each type appears to be con¬ 
trolled by a single factor and all except mucoroides are recessive 
to the normal form. Various combinations of these factors with 
the plus and minus incompatibility factors were made. 

Where two or more pairs of factors were segregating, it was 
possible to determine whether or not both factors segregated at the 
first or second division. 

In the case of the heterozygous zygotes (Arb arb, + —) it was 
found that 50% (called tetrakrats) gave four different haploid 
derivatives having the respective constitutions Arb +, Arb 
arb +, arb —, and 50% (called dikrats) gave only two types of 
derivatives ; either Arb + and arb — or Arb — and arb +. If the 
segregation of both pairs of factors takes place at the first division, 
only two haploid types are expected from each zygote—either 
Arb + and arb — or Arb — and arb +. If the two factors segregate 
independently the two types should occur with equal frequency. 
The fact that 30% of the zygotes produce four types of haploids 
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as a result of meiosis indicates that one or both of the factor pairs 
must segregate at the second division. 

Ascomycetes. Shear and Dodge (1927) and Dodge (1927, 1928) 
isolated the eight spores from a single asciis of the lieterothallic 


Diagram of Segregation in the Ascomvvhths. 
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Fig. 12. Scheme of the position of spores in the ascus of Neurospom 
sitophila , when (at) the first division is reductional; (h) the 
second division is reductional; and ( c ) the third division is 
reductional. (After Dodge, 1927.) 


Neurospom crassa and found that four were of one group (~f or —) 
and four were of the alternative group. This indicates that 
segregation of the incompatibility factors takes place in the forma¬ 
tion of the ascospores, but it does not indicate at which of the 
three divisions the segregation occurs. 
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Dodge made a cytological investigation of N. sitofthila and 
found that the spindle axes of divisions 1 and 2 were in a longitudinal 
direction with regard to the length of the ascus, while that of 
division 3 was transverse. 

Dodge considered the end products of segregation of the factors 
when it occurred at the first, second or third divisions. The 
diagram (Fig. 12) shows the different arrangements of spores in the 
ascus with the three possible types of segregation. 

Wilcox (1928) isolated the eight spores which lie in a row in the 
ascus of N. sitofthila and identified them according to their position 
in the row. The plus and minus spores alternated in pairs in each 
half of the ascus. Here, therefore, the incompatibility factors must 
have segregated at the second division of the ascus nucleus. 

N. tetrasftcrma (Shear and Dodge) is homothallic and normally 
forms four large spores in place of eight small spores. Sometimes 
two small spores take the place of one large spore. The resulting 
mycelia from these small spores are heterothallic. About half of the 
small spore cultures were plus and half were minus strains. The 
normal large spores were homothallic through containing both 
plus and minus factors. Dodge (1928) believes that the incom¬ 
patibility factors probably segregate at the second division in N. 
tetrasfterma . 

Cayley (1931) investigated the phenomenon of aversion in 
Diaftorthe fterniciosa. She found that intra-perithecial aversion in 
which mycelia derived from the spores of one perithecium refused to 
mix, could be explained by the assumption of two or more pairs of 
factors which segregated independently of each other. The 
results seem to indicate that segregation either takes place at the 
first or second division of the ascus. Drayton (1934) and Ames 
(1934) have shown that incompatibility factors are present in the 
hermaphrodites Sclerotina Gladiolii , and Pleurage anserina , 

Basidiomycetes. Kniep (1922) found four different strains in 
Schizofthyllum commune and Aleurodiscus ftolygonius, He assumes 
therefore that “ sex ” is determined by two pairs of factors Aa Bb 
which segregate in the formation of the basidiospore. Meiosis 
occurs in the basidium immediately after fertilisation which takes 
place by the fusion of the two nuclei of the young basidium. The 
only possible zygote is of the constitution AaBb. The spores can 
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be of the constitutions AB, Ab, aB, ab, if the pairs of factors Aa 
and Bb segregate independently as is supposed. The four strains 
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In A leurodiscus, Knicp found that a basidium gave rise to two 
types of spores—either AB and ab, or Ab and aB. No basidium 
produced all the combinations. This indicates that segregation 
takes place at the first division of meiosis (see diagram, Fig. 13). 
In Coprimes lagopus Hanna (1925) and Newton, D. E. (1926) find 
that there are three classes of basidia, (1) those which give all four 
possible combinations, (2) those which give two AB and two ab, 
and (3) those which give two Ab and two aB. Hanna therefore 
concludes that segregation of the incompatibility factors takes place 
at the second of the two divisions in this species. 

Funke (1924) came to a similar conclusion with regard to Hypho- 
loma fasciculare, II. caprioles and Cdlybict velutipes . Newton 
considers the results in C. lagopus to be best explained on two 
assumptions, (1) that the two incompatibility factors in the nucleus 
of each spore segregate independently, and (2) that in some basidia 
the segregation of both incompatibility factors takes place at the 
first division, and in the other basidia the segregation of one pair of 
factors takes place at the first division and the other pair at the 
second. A third possibility, as Hanna concludes, that both pairs of 
factors segregate at the second division, must not be neglected. 

Newton also investigated C. Rostrupianus in which incompati¬ 
bility was controlled by one pair of factors. By observing the 
behaviour of basidiospores, whose position in the basidium was 
known, she was able to show that segregation of the incompatibility 
factors sometimes took place at the first and sometimes at the second 
division of meiosis in this species. The first division will produce 
two cells while the second division of these two cells will produce 
four cells which are orientated at right angles to the first division 
spindle. Hence if segregation takes place at the second division 
one expects that sometimes the spores at opposite corners of the 
basidium will be similar in constitution (see Fig. 13). 

Brunswik (1924) in Coprinus curtus , C. deliquescens, C. epheniems 
and C.fimetanus also found more than two apparent sex forms, but 
suggested that in some cases the Fungi were potentially bisexual, 
and fusion was controlled by one or two pairs of self-incompatibility 
factors. 

Brunswik analysed 93 tetrads of C. fimetarius (i lagopus ) with the 
following results:— 
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37 gave four different types of spores AB, Ab, aB and ab 
29 „ two „ ,, „ AB and ab 

27 „ „ „ ■„ „ Ab and aB 

This indicates that the two factors may segregate independently 
and that.segregation can take place either at the first or the second 
division of meiosis. 

Ustilaginales. Dickinson (1931) isolated the four spores of known 
position in the promycelium of Ustilago Icevis. The behaviour of 
the two factors A and B for sexual fusion as well as the two alterna¬ 
tive character pairs (cream vs. brown and corrugated vs. depressed) 
were investigated. Utilising the same methods as illustrated above, 
each character was found to segregate either at the first or at the 
second division of meiosis. 

The work on the Fungi together with the results obtained in mosses 
supports the view that segregation of the hereditary factors takes 
place during the meiotic divisions of the nucleus which inaugurate 
the gametophytic generation. It has also been shown that the 
factors may segregate from one another at either of the two divisions 
and not necessarily at that division which reduces the chromosome 
number from the diploid to the haploid state. Wilcox showed that 
in Neurospora sitophila the incompatibility factors segregated 
regularly at the second division, but in most other cases it has been 
found that factors may segregate at either division. Reference 
should be made to p. 102 for an explanation of this phenomenon in 
the light of recent work on higher plants. 

Xenia. Xenia, or the direct observable effect of the genetic 
constitution of the pollen upon the young zygote, is reported in 
Pisum sativum (round-wrinkled, yellow-green), Mendel (1865) 
Lupinus , Vida, Linum and Phaseolus vulgaris X P. multiflorus 
(colour of cotyledons) Tschermak (1930). The peculiar process by 
which endosperm is formed may allow the male parent to express its 
effect on the characteristics of the fruit. Guignard (19010,6) and 
Nawaschin (1899) showed that the two nuclei of the embryo-sac 
fused together to form the central fusion nucleus, prior to fusion with 
the nucleus of the pollen grain. Weatherwax (1919) reinvestigated 
the process and showed that sometimes the nuclei did not fuse until 
the arrival of the pollen nucleus. Two nuclei are furnished by the 
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pollen tube. One fuses with the ovum to form the new zygote, 
while the other fuses with the central fusion nucleus to form the 
endosperm. Where the endosperm is not absorbed into the embryo 
before germination (as in the so-called albuminous seeds), the 
characters of the endosperm may be analysed. In each cell of the 
endosperm there is one complement of chromosomes contributed 
by the male parent and two complements of chromosomes contri¬ 
buted by the female parent. 

In accordance with this we find a definite type of factor interaction. 
For example, there are two races of maize, one with floury endo¬ 
sperm and one with flinty endosperm. When East and Hayes 
(1911) crossed these two races reciprocally they found that the 
endosperm of the fruit corresponded with that of the race to which 
the maternal parent belonged. The hybrid plants produced from 
the reciprocal crosses, however, were identical, and segregation in 
the F 2 was similar in both crosses. 

If the flinty race carries a factor F and the floury race carries the 
allelomorph f, the results may be symbolised thus :— 


flinty X floury 
egg endosperm pollen 
F FF X f 
embryo endosperm 
seeds Ff FFf (flinty) 


floury X flinty 
egg endosperm pollen 
f ff X F 

embryo endosperm 
Ff ffF (floury). 


It will be seen therefore that the embryos from both crosses are 
of the same constitution but that the endosperms of the reciprocal 
crosses are of the constitutions FFf and ffF respectively. The 
dominance of F over f is insufficient to cause flintiness in the 
presence of two doses of f. Similarly, the aleurone colour factor R 
is not sufficiently dominant over r. Endosperms of the constitution 
rrR (from the cross rr X RR) are mottled, while endosperms of the 
constitution RRr (from the reciprocal cross RR X rr) are fully 
coloured. Xenia has also been reported in rye (von Rumker, 1913) 
and wheat-rye hybrids (Kattermann, 1932). It is not, however, a 
general characteristic of endosperm. 

Usually, in endosperm, the dominant character is not suppressed 
by two doses of the recessive factor. For example, endosperm of 
the constitution Sususu or SuSusu is starchy, 
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Nixon (1928) found that pollen from different varieties of the date- 
palm had different effects on the size of the fruit produced by one 
plant. Swingle (1928) suggested that the embryo and endosperm 
secreted a substance which influenced the development of the ovary 
(mother plant tissue). He proposed the term metaxenia for this 
effect of pollen upon the maternal tissue. Schaffner (1928) points 
out, however, that xenia is a definite effect of genetic factor balance, 
and that this supposed metaxenia is physiological in origin. He 
therefore prefers the term ectogeny in place of metaxenia. Ncbcl 
(1930), Nebel and Trump (1932), and Harrison (1931) have reported 
a similar phenomenon in apples and cotton respectively. Further 
investigation on this question seems desirable. 

LETHAL FACTORS 

Geneticists study mainly the behaviour of factors which are 
recognised by the presence of contrasting allelomorphic factors. 
They are able to study, for example, the inheritance of flower shape 
in Primula sinensis, but at present they are unable to study the 
factors causing the presence or absence of the flower itself. 

Some factors such as crimp leaf (f) combined with the sinensis 
factor (Ch) have an abnormal effect on various plant characters of 
Primula sinensis. Others reduce the vigour of the plant consider¬ 
ably, e.g., “ feeble minded.” 

Throughout the life cycle a plant is dependent on the genetic 
material inherited from its parents. Where different allelomorphic 
factors are present within a species it is reasonable that there should 
be various degrees of vitality or viability of the genotypes. Hence 
the so-called lethal factors, which in general are recessive to the 
normal, can exert their influence at various stages in the life cycle. 

Few lethal factors are known which affect gametic viability. 
Sub-lethal factors are known however, such as those isolated in 
Nicofiana Tabacum deformis, and, to a certain degree, the incom¬ 
patibility factors. Gametic sterility, which is frequent among 
plants, is generally brought about by some chromosomal abnor- 
ma lty. Lethal factors affecting the gametes have been suggested 
in connection with the inheritance of doubleness in Stocks, but it is 
probable that the lethality is bound up with chromosome structure. 
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In Stocks, Matthiola imam , doubleness is recessive to the single-' 
flowered form. Double flowers are completely sterile. Single- 
flowered plants may be homozygous for singleness SS,or heterozygous 
Ss, giving 3 singles : i double on selling. Plants in another strain 
called " ever-sporting singles ” or “ d.races ” are heterozygous, but 
on selfmg give about 46-47 per cent, singles and 33-54 per cent, 
doubles. All singles of this strain behave in this manner. Saunders 
(1911, 1916, 1928 a,b) has also shown that only doubleness is 
transmitted by pollen of this race. Comparative tests on pollen 
germination of the above two races of singles have been made by 
Snow (1924, 1925) and Waddington (1929). Their results indicate 
that a factor is present in the ever-sporting single race which is 
lethal to pollen carrying it. 

Linked with the factor S is a factor W for colourless'plastids—the 
recessive w gives cream plastids. 

A hypothesis has been put forward by Saunders which, although 
somewhat unorthodox, explains her results remarkably well. 
Hypotheses involving lethal factors have been advanced by Gold¬ 
schmidt (1913), Frost (1915), Muller (1918) and Waddington (1929). 
Waddington adopts two gametic lethals l w , a pollen lethal and l s , 
a pollen and also an egg lethal only active when L w is present 
(new terminology for these factors—after Frost, 1931). A pure 

LSL W 

breeding single white is thus represented s - - w —, and an ever- 


. , , , , . LS 1 W. 

sporting single sulphur white as —— 

L s sL w w 

Crossing over is only supposed to occur between s and l w . Philp 
and Huskins (1931) report that in the ever-sporting race, one 
of the chromosomes carrying the factors for singleness-double- 
ness (the A chromosome) lacks a trabant, 1. A pure breeding 

LSW 

single white is therefore represented by ——1 and an ever-sporting 


sulphur white by 


1 SW 

Lsw* 


LSW 

It is considered that 1 is lethal to pollen 


containing it, and that on the male side, either 1 inhibits crossing 
over between the A chromosomes, or the cross-over gametes do not 
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function. On the female side crossing over is supposed to take 
place between the region S and W and not between S and 1 . 1 is 
incompletely lethal to eggs and a " Renner Effect " (see p. 269) is 
suggested. Westergaard (1936) and Kuhn (1938) deny that the 
ever-sporting race lacks a trabant, and Kuhn is doubtful whether 
chromosome A or chromosome D bears the genes considered. Both 
authors point out that the lethal effect may be seen in the rarity of 
metaphases and the different quality of fixation in plants carrying 
the lethal form from those without it. 

Fig. 14, while showing the genetic behaviour of the various single- 
flowered races of Stocks on this hypothesis, also shows their general 
behaviour. 

Saunders' results and the expected proportions on Saunders', 
Waddington's and the above hypotheses are given in a table by 
Philp and Huskins (1931). Kvasnikov (1929) and Winge (1931) 
have found that occasionally the ever-sporting character is lost. 
This indicates that sometimes crossing over between s and the 
trabant L occurs, or, on Waddington's hypothesis, either double 
crossing over (see p. 92) between L s and L w occurs, or crossing 
over between 1 3 and S and S and l w takes place in successive 
generations. 

The young zygote of a plant has to survive under a number of 
environmental conditions not met with in the rest of the life cycle. 
The formation of endosperm, the assimilation of the storage products 
and germination are critical functions which have to be undertaken 
by the young zygote. The fact that geneticists fmd genotypes which 
fail in these respects and are able to study their inheritance is an 
answer to the objection of some biologists that the science of 
genetics only embodies a study of less vital characters such as 
colour, size and shape. Strangely enough some other biologists 
consider that genetics only involves the study of lethal characters. 

Mangelsdorf (1926) and Jones (1920) found seeds of maize with 
defective endosperm, a character which behaved as a simple recessive 
to the normally developed endosperm, while Lindstrom (1923) 
described abortive “ flint defective ” and “ sweet defective " seeds. 
Demerec (1923) reported “ germless ” and Eyster (1922) added 
" scarred,” while Wentz (1924) and Garber and Wade (1924) found 
other types of aberrant development of the seed. 
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Table 8 

The Percentage of Germination in Defective Seeds of Fourteen Stocks 
Compared to the Theoretical Germination of Normal Seeds of the 
Same Relative Development (Mangelsdorf 1926). 


Stock. 

Defectives. 

Theoretical Normal, 

de x 

45-6 

91-0 

de 2 

44-9 

94-0 

de g 

54 -o 

66-5 

de i 

3'5 

75*5 

de 6 

11*2 

47-5 

de $ 

n-8 

72-5 

de 7 

I9-6 

49-0 

de 8 

0 

49-0 

de 9 

0 

17-0 

de jo 

0 

39-0 

de xi 

o-8 

22-0 

de 12 

0 

10-0 

de 13 

0 

12-5 

de 14 

0 

3'5 


All are genetically controlled by factors which are recessive to 
normal. 

The seeds having defective endosperm exhibit a range in the 
degree of abnormality. Mangelsdorf isolated fourteen different 
factors all recessive to normal which gave seeds with a greater or 
less development of endosperm. The endosperm of these seeds 
differs from normal endosperm more in quantity than in quality. 
In no case does defective endosperm attain the size of normal 
endosperm. 

The fourteen factors controlling the character may be arranged 
in order in proportion to their effect, de x gives an endosperm which 
is half the size of normal and there is a range to de I2 and de X4 
where only a small fraction of endosperm is found. In all cases the 
endosperm begins development as in a normal seed, but differences 
soon appear in the rate of growth of normal and defective seeds. 
When the factor de 4 is present the embryo is formed, but it 
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Fig. 15. Diagram in which the relative development of endosperm 
characters is represented by points on the growth curve of 
normal seeds of maize. 

Any one of these fourteen factors causes one-quarter of the seeds 
on the ear of a heterozygous plant to be defective. There is also 
another factor de pl which causes all the seeds in one quarter of the 
progeny to have defective endosperm. Thus de t —de I4 affect the 
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tissues of the zygote early in life, while depj, is a so-called plant 
factor which affects the sporophyte in such a way that all the seeds 
produced are abnormal. Mangelsdorf also reports a factor brittle 
which, in expression of texture of endosperm, is intermediate between 
sugary and " shrunken,” and points out that the five characters 
—waxy, floury, shrunken, sugary and brittle—and the fourteen 
defective endosperm types can be arranged in order of percentage 
of endosperm development. The accompanying graph (Fig. 15), 
is taken from Mangelsdorf (1926). To attain normal seed 
development, maize must therefore have at least eighteen dominant 
factors, any one of which in the homozygous recessive condition 
would reduced endosperm development to a greater or less extent. 

This interesting case has another significant feature. The 
development of endosperm under the influence of factors which do 
not diffe r greatly from normal, passes through the stages finally 
reached by endosperms under the influence of factors lower in the 
scale. The S shape of the graph is similar to a growth curve and 
this correspondence may be significant. The expression of some of 
the factors is qualitatively different (e.g., “ waxy,” “ sugary ”), as 
well as quantitatively different. Linkage studies (see Table of 
Linkages) show that the various factors are carried on different 
chromosomes and are not allelomorphic. We cannot say however 
whether the factors themselves have any phylogenetic connection. 

Mangelsdorf (1923,1926), Lindstrom (1923) and Eyster (1924?;,c) 
describe recessive factors in maize called “ primitive sporophyte ’’ 
by Eyster and “ premature germination ” by Mangelsdorf. These 
factors of which nine or perhaps ten are known, ge,—ge t() 
(Mangelsdorf), pm,—pm 2 (of Eyster), cause the seed to germinate 
without undergoing a resting period, ge,, ge 2 , ge 3 , ge 4 and ge £ are 
five independent recessive factors each of which causes premature 
germination, ge 6 and ge 7 are independent duplicate factors, both 
being necessary in the recessive condition to give premature 
germination, while ge 8 and ge 9 are linked duplicate factors. By 
sectioning the seeds it was found that in seeds containing the 
premature germination factors", the production of enzymes by the 
scuteflum (to break down the storage materials of the endosperm) 
began at a very early stage. The resting stage is thus cut out. 
Although the stocks were known to contain the factors for green 
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seedlings and yellow endosperm, the presence of ge x , ge $ or ge $ in the 
homozygous recessive condition gave white seedlings and white 
endosperm. The race with ge x , which germinated slightly later 
than the other two, sometimes had a green tinge in the cotyledon. 
The other factors which had a less intensive effect on the induction 
of germination gave green seedlings and yellow endosperm. If the 
factor for premature germination causes enzymes for the breakdown 
of storage material in the endosperm to act too soon, it will interfere 
with the action of other factors controlling endosperm or embryo 
characters. 

Oppcnheimer (1922) has found that seeds of tomato, gourd, 
cucumber and Nicotiana rustica can be prevented from germinating 
by surrounding them with crushed tissue of the ovaries of the 
mother plant or by placing them on filter paper saturated with 
extract of this tissue. The degree of suppression is approximately 
proportional to the amount of tissue present or to the concentration 
of the extract. This effect can be overcome by heating the extract 
to ioo° C. It is suggested that volatile substances may be produced 
by the mother plant winch inhibit germination. 

Mangelsdorf found that immature normal seed of maize attached 
to an ear, when enclosed in a damp cloth, absorbed water but did 
not germinate. Moistened seeds, from the same ear, placed in an 
ordinary germinator, germinated in a fortnight, which is a much 
longer time than dried immature seeds would take. The factors for 
premature germination may determine the non-production of such 
an inhibiting substance. From the foregoing it follows that at least 
twenty-seven dominant factors must be present for the normal 
development of maize seeds. 

The onset of sexual maturity may bring to light some factor 
which has a lethal effect. A factor such as “ bootlace ” in tomato 
causes a deformity of the leaves and of the habit of the plant and 
assumes importance at gametogcncsis by giving abnormal flowers. 
Honing (1923) describes an interesting case of sub-lethality in 
Nicotiana which illustrates how the growth reaction of a plant 
of a given genetic constitution varies with the environment. 

He found an aberrant form of Deli tobacco in Sumatra cultures 
which is known as deformis . In Sumatra it was characterised by 
short internodes, deformed leaves and no flowers. It behaved as an 
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incomplete recessive to the normal form and frequently died. 
Honing brought the stock to Holland and found that this deformis 
grew to twice the size of Sumatra deformis and produced fertile 
flowers. The characteristics were not so extreme in Holland as they 
were in Sumatra. Honing suggests that there is a single factor 
difference between deformis and normal Deli tobacco and that 
this factor controls enzyme action, as had been suggested by 
Goldschmidt (1916), Beyerinck (1917), etc. The reaction of 
deformis and normal tobacco to the different environments certainly 
supports this view. In the warm conditions of an early season in 
Holland, Deli flowers before deformis , but in a cold season deformis 
flowers first. In the Fj hybrid between the two types the 
characteristic leaf deformation does not occur before the eleventh 
or twelfth node, whereas in the recessive form it is found as soon 
as the third or fourth node. In both cases the deformation increases 
in intensity with the ascent of the stem. Honing suggests that the 
deformis plants exhibit greater deformity on account of the earlier 
start and the greater rate of the enzyme action during development, 
as compared with the other types. 

Whether or not one accepts the hypothesis of the enzyme nature 
of factor action, it seems probable that the effect of this factor is 
only sub-lethal because it is interfering with the processes of 
development occurring normally under Sumatra conditions and 
possibly such a factor would not be lethal in sub-arctic conditions. 
Nicotiana would not survive under sub-arctic conditions, however, 
since other factors are present which, under tropical conditions, 
are either active or passive in the normal mechanism of development. 

BALANCED LETHAL FACTORS 

If two lethal factors are in one linkage group the condition of 
balanced lethal factors may be present. Phipps (1929), for example, 
showed that virescent-8, a lethal virescent recessive of maize, was 
strongly linked with the factor for tunicate ear which produced ■ 
sterility when in the homozygous dominant condition. If a plant 
v tu 

of the constitution —i_ is selfed, it will produce three types of viable 

VglU 

zygotes—homozygous dominants, heterozygotes, and homozygous 
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recessivcs. Tlie recessives will die in the seedling stage on account 
of the lethality of v 8 , while the dominants will be sterile through the 
sterility of tunicate. 

This race of maize, therefore, perpetuates itself only by the 
heterozygote which is a “ balanced heterozygote.” A cross-over 
between v 8 tu and V 8 Tu which occurs once in 451 individuals, will 
give rise to gametes v 8 Tu and V 8 tu, and the latter type on fusing with 
a similar type will give a normal homozygote. 

Baur (1924) had shown that the aurea variety of Antirrhinum 
majus only existed in the heterozygous condition and on selling 
gave 2 aurea : 1 green : 1 non-viable homozygote. He also 
described a recessive lethal white type. When both aurea and alba 
were segregating in the same progeny, the ratios obtained were 
shown by Gairdner and Haldane (1929) to agree with the hypothesis 
that the factors controlling alba and aurea were linked, the cross¬ 
over percentage being about 10%. The double heterozygote 

alba + 

-*, in which it will be noticed that the recessives are repulsed, 

+ aurea 

gave 9*5 yellows : 1 green together with inviable plants. The 
heterozygote therefore breeds nearly true, as one would expect. 

In these two examples the characters which cause the lethality 
can be recognised and the balanced lethal conditions may be traced. 
The two factors in maize were closely linked but the expression of 
each appeared at different points in the life cycle. In the 
A ntirrhinum case the linkage was not so close and thus the balanced 
lethal system broke down more frequently and gave normal green 
plants. 

More usually the factors which are acting in a balanced hetero¬ 
zygote affect the embryo in such a way that one is unable to study 
the mode of zygote elimination. Nevertheless, the genetic data are 
often sufficient to show that a balanced lethal mechanism is present. 
The phenomenon has been studied in various organisms such as 
Drosophila , Plantago and Matthiola , but it has assumed great 
evolutionary importance in the balanced heterozygotes of (Enothera . 
Here the self-perpetuation of a species such as 0 . Lamarckiana, 

* The 4- sign beside alba represents the normal allelomorph of aurea and 
similarly the + sign beside aurea represents the normal allelomorph of alba. 
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which is genetically and cytologically a structural hybrid, depends 
upon such a mechanism of balanced lethals or upon one closely 
analogous to it. 

The balanced lethal system enables a heterozygote to be self- 
perpetuating. The closer the lethals are linked the more efficient 
the system becomes. Beaded wing in Drosophila (Muller, 19 1 7> 
1918) is a dominant lethal. While attempts were being made 
to obtain a stock which was pure for the character Beaded wing, a 
pure breeding stock appeared suddenly, but it was however of the 
constitution Bd x +. The reason for this Beaded wing beterozygote 
breeding true was the appearance of another lethal closely linked to 
Beaded wing but on the homologous chromosome, i.e., a balanced 
lethal system had been set up. Muller points out that if a certain 
heterozygote is selected by nature or artificially, as in the case of 
Beaded wing, a lethal will appear sooner or later, by mutation in the 
required position, to form a balanced lethal system. The frequency 
of the rate of mutation is high enough in Drosophila to make the 
chance appearance of a lethal in the required position reasonably 
possible. 

Quantitative Inheritance and Heterosis. Action and reaction of 
genes for quantitative hereditary characters constitute the most 
critical and least understood of the problems of modern genetics. 
Whether “ such genes operate in general with or without dominance 
in an additive or multiplicative (geometric or logarithmic) fashion, as 
do the better known qualitative genes, is quite unknown.’* Useful 
data and discussion will be found in Rasmusson (1935), Fisher (1933), 
Powers (1936), Thomson (1931), Lindstrom (1936), Sinnott and 
Dunn (1935), Fabergd (1936). 

The question of the inheritance of quantitative characters may 
be similar to that of inheritance of sterility in Drosophila 
(Dobzhansky, 1935), to that of " Minute ” in Drosophila , of 
anthocyanin pigmentation in Dahlia (Lawrence and Scott Moncrieff, 
* 935 ) and to that of sex in plants (Sansome, 1938). In all these 
cases it is known that several genes in different loci contribute to the 
one effect with sometimes considerable interaction. 

The possibly related question of the causes of heterosis or hybrid 
vigour resulting from crossing individual inbred lines or distantly 
related forms has been investigated by Ashby (1933,1937 a, b f c) t East 
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(1936), Jones (1918), Luckwill (1937, and in press), Sveshnikova 
(1936), and others. Ashby has shown that hybrid vigour first shows 
its effects as an increased size of the embryo in maize and tomato, 
and that there is no difference in the efficiency index (rate of growth) 
between F 2 hybrids and the parents. Luckwill has shown, that the 
number of seeds in the fruit and the number of fruits on the truss 
of a tomato parent are strongly negatively correlated with the size 
of seed. The physiological results are useful, though complicated, 
but do not touch the problem of the genetical origin of hybrid 
vigour. Genes for size differences are known in Maize and 
Drosophila . For example, the gene na destroys auxin in maize and 
the plant is dwarf, and “ lazy ” plants have an abnormal distri¬ 
bution of hormone; Overbeek (1935, 1938). In Drosophila 
“ Tubby ” results from the presence of an extra piece of chromosome 
constituting a fifth linkage group in these flies. Genes for morpho¬ 
logical characters are linked with genes for amount of growth in 
animals (Castle), and in plants (Rasmusson, 1935). 

CYTOPLASMIC INFLUENCE ON THE EFFECT OF NUCLEAR FACTORS 

Several reciprocal hybrids between species of (Enothera , Funaria 
and Epilobium are different in appearance. Some of these differences 
are known to be due to differential gametic or zygotic viability. 
Others depend on the interaction of one factor with either 
of the two different cytoplasms of the parents. The “ factors ” in 
the cytoplasm are known as plasmons (Correns, 19096, and Wettstein, 
19240). 

Several examples of cytoplasmic influence have been found by 
Wettstein (19240, 1927, 1928) in the mosses. The diploid hybrid 
sporogonia of Funaria hygrometrica x F. mediterranea and tetraploid 
hybrid sporogonia of F. hygrometrica X Entosthodon fasciculare , 
F. hygrometrica X. Physcomitrium piriforme , Physcomitella patens 
X Physcomitrium eurystomum correspond to the female parent in 
reciprocal crosses. The paraphysis in diploid gametophytes derived 
from the reciprocal crosses between F. hygrometrica X F. mediter - 
ranea also show the influence of the maternal cytoplasm distinctly. 
The spores of F. hygrometrica x F. mediterranea show two size 
classes in a tetrad of spores (see Fig. 9) but in the reciprocal cross 



68 THE MECHANICAL ASPECTS OF HEREDITY 


they axe of one size class corresponding to that of the maternal 
parent. 

In CEnothera there are two main types of reciprocal differences in 
species hybrids. One is due to heterozygosity and differential 
viability of the zygotes and gametes (see p. 268). The other is due 
to differences in the plasmon, and this only will be considered here. 
If the two normal green species, 0 . Lamarckiana and 0 . Hookeri are 
crossed, and if the mother is 0 . Lamarckiana, the hybrid velutina 
(see p. 266) is pale green and often dies. Those plants which survive 
are generally variegated. The reciprocal hybrid velutina ( 0 . Hookeri x 
0 . Lamarckiana ) is almost always normal green but a few 


Table 9. 
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individuals have light green flecks on the cotyledons. 0 . suavelolens 
X 0 . muricata gives flavicurva, which has no chlorophyll, while the 
reciprocal hybrid [flavicurva) is usually green with white spots. 

Bateson and Gairdner (1921) found that the cross, procumbent X 
tall Linum usitatissimim gave 25% male steriles in the F 2 , while 
the reciprocal cross gave only hermaphrodites. A male sterile 
F 2 x tall hermaphrodite gave all male steriles. A male sterile 
F 2 x procumbent hermaphrodite gave all hermaphrodites and 
segregation of 3 hermaphrodites to x male sterile in the following 
generation. Male sterile x (T x P) F 1# gave 50% of male steriles 
and hermaphrodites. 

Chittenden and Pellew (1927), Wettstein (1928a), Gairdner (1929), 
Correns (1928a) all suggest that the interaction of cytoplasmic and 
nuclear reactions will account for such differences in reciprocal 
crosses. 

In Linum a recessive factor m for male sterility may be present 
in the tall plants which in tall cytoplasm Q gives only hermaphro¬ 
dites. When the cross procumbent x tall is made the factor m 

may be combined with procumbent cytoplasm Q so that is 

male sterile and (C^) is hermaphrodite. Table 9, Gairdner (1929), 

illustrates the expected and observed results in the various crosses. 

A similar behaviour is found in Geranium Endressi X G. striatum 
and a similar explanation was suggested by Newton (Sansome, 1936). 
Satureia hortensis is a gynomonoecious species. Correns (1928 b), 
obtained only hermaphrodites from selfing hermaphrodites and 
gynomonoecious and hermaphrodites from crossing a female with a 
hermaphrodite. He suggests that there is a cytoplasmic difference 
between the two sex forms. Rhoades (1933) also shows that male 
sterility can be caused by cytoplasmic influence in maize where tests 
with genes on all the chromosomes showed no linkage with male 
sterility, and replacement of one chromosome by others did not 
affect the expression. The maternal line transmitted male- 
sterility in the presence of any known genes. 

East (1932) found that in crosses between Nicotiana Langsdorjfli 
and N. Sanderce the self-sterility factors S x _ 15 other than S z gave 
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rise to male sterile plants when N. Langsdorffii cytoplasm was 
present, and hermaphrodites in the presence of the cytoplasm of 
N. Sander a. The factor Z, together with the factor S,, induces the 
formation of chlorophyll in the corolla of plants witli cytoplasm of 
N. Langsdorffii, but not with cytoplasm of N. Sander to. The 
combination of factors, C,P, C,D and C,D,P, gives dark anthers in 
cytoplasm of N. Langsdorffii and light-coloured anthers in cytoplasm 
of N . Sander ce. 

In Epilobium Lehmann and his students and Akermann (1921) 
have found many differences .in reciprocal hybrids between species. 
These differences are due to a cytoplasmic effect on the action of 
genes. The reciprocal crosses between E. hirsutum and A. 
parviflonm showed wide differences respecting size of plant, shape 
of leaves, size of bud, shape of petal, ovaries, fruit and fertility. 
Michaelis backcrossed E. luteum X E. hirsutum more than eight 
times to hirsutum , thus obtaining pure hirsutum genes in luteum 
cytoplasm. These plants appeared identical with hirsutem but did 
not give differences between reciprocal crosses with E. luteum , whereas 
the original parent E . hirsutum produced a large number. 

Differences in the characteristics of the protoplasm, such as 
viscosity, osmotic pressure and effect on chromosome conjugation, 
have been found in Lycopersicum , Schlosser (1935), in Epilobimn , 
Hinderer (1936), GrozeandSchlenker (1936), in Mosses, Becker (1932). 

Sirks (1938) reviews the work on plasmatic inheritance and describes 
peculiar phenomena in Vida. Faba. In addition to factors C X C 3 C 3 
which cause a difference in the colour of the plants there is a variega¬ 
tion based on one factor V which is dominant to v for green. Sirks 
found that segregation into a ratio of iW ; 2Vv : ivv was the normal 
behaviour of typical Vv plants, but in cytoplasm of plants with the 
C 3 (subtypica) factor it was found that V was cast out or was not 
viable in one of the sexes, thus producing a permanent iVv ; ivv 
segregation. In cytoplasm of variegated plants the v factors are 
eliminated in one of the sexes and an apparently pure breeding strain 
consisting of W and non-segregating Vv plants is produced. 

Vida Faba has been divided into the varieties major and minor . 
Sirks found that in the cytoplasm of major the segregation of six 
factors belonging to one linkage group (carried by one pair of 
chromosomes) was normal. These six dominant factors were 
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introduced from the major variety into the cytoplasm of minor. 
No plants homozygous for these six dominant factors were found 
in the progeny of this hybrid with minor cytoplasm. This 
behaviour was accompanied by about 25% abortion of seeds. Sirks 
rejects the idea that there is a lethal factor in the chromosome 
carrying these six factors which acts in minor cytoplasm, on the 
ground that crossing over between the lethal and some of the six 
factors should have been observed. He puts forward a suggestion 
that the chromosome bearing this linkage group is impregnated with 
some lethal character which acts in minor cytoplasm. These 
valuable data of Sirks may possibly be found to be similar to the 
cases of genotypic control of the chromosomes mentioned by 
Darlington (1932 b). 


CONCLUSIONS 

Consideration of the foregoing facts indicates at once that the 
original idea of one character—one factor, is false. It will also be 
apparent that the factors which are isolated by crossing two plants 
with alternative characters, such as white flowers and red flowers, 
are only known by their differential effect on that character. 
Further, their action depends on the presence of many, if not all, 
of the remaining factors present in the plant. 

Naturally, many factors are unknown, since there is either no 
allelomorph or the different effects of the two have not been 
detected. The factors which do not show differential action 
between allelomorphs may possibly be those which are essential 
for the life and existence of the plant. Indeed, it is probable that 
many of the lethal factors isolated by genetical study are 
allelomorphs of these “ vital ” factors. Sometimes the so-called 
lethal factor may in reality be an absence of the genetic material. 
In some cases (sub-lethal factors) the effect in terms of development 
of the plant can be analysed, but in the more extreme cases the 
action of the factor is so rapid that the influence of either the lethal 
factor or the vital allelomorph cannot be analysed. 

The development of the plant is dependent on the factors con¬ 
tained in it. At every stage from the original one-celled zygote to 
the production and survival of the gametes, the development of the 
plant is controlled by the genetic factors which are contained in the 
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nucleus. Haldane (1932) has given an interesting classification 
of factors which is based on their time of action. While much 
more requires to be done in the investigation of the time of factor 
action, it is apparent that the acceleration or deceleration of the 
action of a factor creates considerable derangement of the ontogeny 
(e.g, Mangelsdorfs factors for premature germination). The train 
of factor actions is so balanced that the influence of a factor takes 
effect at a definite point (or points) in the development of a definite 
part (or parts) of an organism. Thus the factor h in Primula 
sinensis affects the cotyledons, causing them to be yellowish, and 
the distribution of the colour in the petals (de Winton unpublished). 
Another factor which controls length of style acts definitely during 
the development of the flower. The reactions between the gcnetical 
constitution of the plant and the external environment determine the 
phenotype (or outward appearance and physiological characteristics) 
of the plant. 



CHAPTER II 


LINKAGE 

Introduction — Crossing-over — Conditions and Theories of Chiasma 
Formation — Chiasmata and Cross-overs — Coincidence — Conditions of 
Crossing-over—Genetical and Cytological loci. 

Introduction. The first law of Mendel concerning the separation 
of factors of one allelomorphic pair corresponds with the cytological 
behaviour of homologous chromosomes at the heterotype division, 
but the second law of Mendel, namely, that each allelomorphic 
pair segregates independently of every other pair, implies that the 
plant cannot have more pairs of factors than number of chromosomes 
in the haploid set if factors are borne by chromosomes. 

It was soon found, however, that it was necessary to modify 
Mendel's second law. Bateson and Punnett (1911) (see Bateson, 
1930) found that the cross, blue flower (Bl) long pollen (L) x red 
flower (bl) round pollen (1) in the sweet pea produced an F 2 of 177 
Bl L, 15 Bl 1 , 15 bl L, 49 bl 1 , which was certainly not a 9 :3 : 3 :1 
ratio. They pointed out that such a zygotic series would have 
resulted from the selfing of an F x which produced gametes in the 
ratio 7 Bl L : 1 Bl 1 :1 bl L : 7 bl 1 in place of the ratio 1:1: 1:1 
when two pairs of factors were completely independent. This 
phenomenon was called gametic coupling because the dominants 
(then considered presences according to the presence and absence 
theory) tended to remain together. Later it was also found that 
a gametic ratio 1 Bl L: 7 Bl 1 : 7 bl L : 1 bl 1 was sometimes produced. 
This was called gametic repulsion, since the dominants tended to 
repel one another. Bateson and Punnett (19x1 a, b) and Trow 
(1911, 1912) adopted the reduplication hypothesis in which it was 
suggested that after segregation there occurred a proliferation of 
gametes bearing a particular genetic complex. 

Later it was found in Primula sinensis and other organisms that 
more than two factors could be linked together at one time. 

McLung (1902), Wilson and Stevens (see Wilson," The Cell ”) had 
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shown that there was a direct correlation between the morphology 
of a pair of chromosomes and the sexuality of several animals. 
The female contained, in addition to other chromosomes, two 
chromosomes (XX) which were similar to one carried by the male. 
The male possessed either another dissimilar chromosome or no 
other extra chromosome. Thus the female was XX and the male 
either XY or XO in type. Later Morgan (1911) found that sex 
determination and allelomorphic factors for red and white eyes 
as well as other factors were associated with this dimorphic chromo¬ 
some pair in Drosophila melanogaster. It was found, for example, 
that females could be heterozygous for eye colour but males could 
only be homozygous for white or red eye factors and that linkage 
between eye colour and sex behaved in a peculiar fashion. 

If white-eyed females symbolised by (wX) (wX) are crossed with 
red-eyed males (WX) Y the F x consists of red-eyed females and 
white-eyed males. 


white-eyed $ red-eyed $ 

(wX) (wX) x (WX) Y 


(WX) (wX) (wX) y 

heterozygous-red-eyed $ white-eyed G 


The factors Ww are transmitted along with the X chromosome and 
not independently. The Y chromosome does not contain factors 
which affect the development of eye colour and therefore the 
recessive w is able to control the colour of the eyes in the male. 

The reciprocal cross, red-eyed female (WX) (WX) crossed with 
white-eyed males (wX) Y gives an F x with both males and females 
red-eyed. 

red-eyed $ white-eyed $ 

(WX) WX) x (wX) y 

I 1 -J 

(wx) (wX) (wx) y 

heterozygous red-eyed ? red-eyed <J 

Thus sex determination and several mendelian factors are found to 
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be associated with the behaviour of the dimorphic pair of chromo¬ 
somes called allosomes, heterochromosomes or sex chromosomes. 

Bridges (1913, 1916) found that if, through non-disjunction, an 
egg obtained two XX chromosomes from the female instead of one 
and fused with an X or Y from the male, the resulting zygote had 
two sets of factors of maternal origin instead of the normal one. 
In Lepidoptera, birds, some fishes, forms of Silene Otites and 
Fragaria, the female sex is the heterozygous sex usually symbolised 
by WZ and the male sex is ZZ. 

Morgan (1911) suggested that the facts of linkage could be brought 
into line with the chiasmatype theory of Janssens (1909) if the 
factors were placed in a row on the chromosomes in such a way that 
the position of the factor of paternal origin on the paternal 
chromosome corresponded to that of the allelomorph of maternal 
origin on the chromosomes derived from the mother. 

If the factors are situated on the chromosomes they should 
exhibit segregation phenomena of a specialised form in corre¬ 
spondence with the cytological facts. All factors on one chromosome 
should segregate independently of those on non-homologous 
chromosomes. The factors on one chromosome should show 
complete linkage unless breaks in the chromosome occur between the 
loci of the factors. 

Obviously also, for genetical requirements, a breakage must take 
place at meiosis at a corresponding time and place on the two homo¬ 
logous chromosomes. This must be followed by interchange of the 
broken ends to account for the recombination products of the factors. 
For example, if one chromosome bore the dominants A and B while 
the homologue bore the allelomorphs a and b in similar positions, 
normal disjunction of these chromosomes without interchange of 
parts would give gametes with the parental complements AB and 
ab. With interchange of the parts of chromosomes at a position 
between the loci of A and B, “ new ” chromosomes would be formed 
with the factorial constitution Ab and aB. These new chromosomes 
contain the factors in the recombined or crossed-over form. 

The recombinations Ab and aB will occur with a frequency 
proportional to the number of breaks and rejoins. For example, 
the genetic output, in Lathy ms odoratus was 7 B1 L : 1 B11: 1 bl L : 
7 bl 1, or 2 character recombinations (Bl 1 and bl L) in sixteen 
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plants, i.e., 12*5%. The crossing-over percentage of the genes 
may also be expressed as the cross-over value 0*125. Sturtevaxit 
(1913) realised that if the genes were placed linearly on the 
chromosome the cross-over values would be related to one another 
in an additive manner. If the cross-over value between genes A and 
B was 3% and between A and C was 4% the cross-over value 
between B and C would either be 1% or 7% depending on whether 
the order was ABC or ACB. The relative distances of the genes one 
from another would thus be a function of cross-over values. He 
found that this was the case when the cross-over values were small. 

Working data on crossing-over may be understood by consider¬ 
ing the Cshwx example in Table 12. The corresponding pairs of 
allelomorphs are C + , sh +, wx + • i.e., + represents c, Sh and 
Wx, respectively. Recombinations in region 1 are the individuals 
which are C + + and + shwx in constitution, i.e., they have 
resulted from gametes crossed over between the loci of c and sh. 
Therefore the ratio for c and sh is ++ 2708 : + sh 113 : C + 116 : 


C sh 2538. The cross-over value equals • 


113 + 116 
total 


Mather (1938) gives methods for calculating linkage and errors of 
estimation. 

The following list of genes and linkage values in plants includes 
the more important data. It will be seen that the greatest number 
of genes and their relationships have been investigated in maize. 
The table of linkage groups in plants gives under each chromosome 
the order and distances of well-analysed genes. 


TABLE 10 

Genes in maize (Emerson, Beadle and Fraser, 1935). 

When the character expression of the gene is dominant to the normal stock 
the gene symbol has a capital letter. The chromosome on which the gene 
is located is indicated by the number of the chromosome, thus C. 1 , If the 
chromosome is unknown this is indicated by C. u. 

ai anthocyanin colour of plant, aleurone and pericarp, allelomorph 

series, C. 3. 

a 2 anthocyanin, complementary to Aa x in plant and aleurone colours, 

C. 5. 

a 3 anthocyanin, C. xo. 

adi adherent leaves, bracts and inflorescences, C. 1. 
ad 2 leaves adhere in young stage, C. not known. 

al albescent, seedlings turn white, C. not known. 

an x anther ear—1, anthers in pistillate inflorescence, C. 1. 
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M aiza —continued. 

an 2 anther ear—2, C. not known. 

ar argentea, yellow striations in leaf, C. 9. 

as asynaptic, lack of pairing at meiosis, C. 1. 

at antherless, C. not known, 

aui yellow seedling, lethal, C. 9. 

B Booster, intensifies colour, allelomorphic series, C. 2. 

bai barren stalk, no pistillate inflorescence, C. 3. 

ba 2 barren stalk, C. 2. 

bd branched silkless, C. 7. 

Bh blotched aleurone in presence of AcR, C. 6. 

bk brittle stalk, leaves and stems brittle, C. not known, 

bli blotched leaf, necrotic areas in leaf, C. not known. 

^2 l» ,, ,, M ,, ,, 

bmi brown midrib, C. 5. 

bm 2 ,, ,, C. t. 

bm 3 ,, ,, C. not known. 

Bn x brown aleurone, pale yellow aleurone, C. 7. 

bn 2 ,, ,, ,, ,, ,, C. not known. 

bp brown pericarp in presence of P, C. 9. 

br brachytic, nodes shortened, C. 1. 

bs barren sterile ; very few flowers, C. not known. 

bti brittle endosperm, C. 5. 

b tz ,, „ C. not known. 

bt 3 ,, „ C. not known. 

bv brevis, plant about half normal height, C. 5. 

C aleurone colour, C. 9. 

cb chloroblotch, C. 5. 

Ch chocolate pericarp, C. 5. 

cr 2 leaves crinkled, C. 3. 

di-dy non-allelomorphic, dwarf plant, C. 3, 3, 9, u, 2, 5, 10. 
dei-de X 6, def non-allelomorphic, defective endosperm, C. 4,u, u, u, u, 4,u, u, u, 
u, u, u, u, 9,4, u, u, 10. 

dl dull brown endosperm, C. not known, 

dm dead margin at base of upper leaves, C. not known. 

Dt dotted aleurone, C. not known, 

du dull endosperm, C. 10. 

fi~f 3 non-allelomorphic, fine white stripe on leaves, C. x, 5, 10. 

fi fine streaks on leaves, C. 6. 

fix fl 2 non-allelomorphic, floury endosperm, C, 2, u. 

fr x fr 2 duplicate genes for fraying of leaf edges, C. 7, 7. 

fs fasciated ear, C. u. 

gi-g4 non-allelomorphic, golden, C. 10, u, 9, 9. 

Ga gametophyte, reduces vigour of pollen, C. 4. 

gc glucostachous, plant unable to use sugars, C. not known. 

gei-gei5 non-allelomorphic, premature germination, Cs. unknown, 
gli-glio non-allelomorphic, glossy leaves, C. 7,2, 4, 9 (?), 5, u, u, 5, u, 1,9. 
gm e , gmx-gm 4 germless, C. 9, 9 (?), 10, u, 6. 
gsi, gs 2 non-allelomorphic, green-striped, C. 1, 2. 
h soft starchy endosperm, C. u. 

hf hermaphroditic flowers, C. u. 

Hs hairy leaf-sheath, C. 7. 

I inhibitor of aleurone colour, C. 9. 

ij lojap striping, C. 7. 

in intensifier of aleurone colour, C. 7. 

j 1 j 2 non-allelomorphic, japonicastriping, C. 8, 4. 

knob structure at end of C. 9 in some strains. 
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Maize —continued. 

I1-I7 non-allelomorphic, lutcscent, C. io, 10, u, 10, 5, 9, 9. 
la lazy plant, mature plants lie down, C. 4. 

Igi-lg2 liguleless leaf, C. 2, 3. 
li lineate stripes on the leaves, C. 10. 

lo lethal ovule, ovules abort, C. 4. 

Ip pollen lethal, C. 5. 

Md midcob colour, pith of cob coloured, C. u. 
me mealy endosperm, C.u. 

mi midget, plant small, C. u. 

ms r -ms 2 o non-allelomorphic, male sterile, C. 6, 9, 3, u, u, 11, u, 8, u, u, u, u, u, u, 


Mt 

na-na 2 

nli-nl 2 

O1—O2 

oy 

p 

pbi-pb 4 

Pci“Pc 4 

Pgx-Pgxo 

pii-pia 

pk 

PI 

pm 

po 

pr x 

Pr 2 

ps 

PUj—Pu 2 

py 

R 

rai-ra 2 

rei-re 4 

Rg 

ro 

Rp 

rt 

Sx-S 2 

saj-sa 2 

SC1-SC2 

sf 

sh 

sii-si 3 

sk 

si 

sm 

sp 

sr 

st 

SU1-SU3 

sy 

tn 

Tp 

ts r ~tS5 

Tu 


u, U, 1, 5, 9, 9, 
mottled aleurone, C. 10. 
non-allelomorphic, nana dwarf, C. 3, u. 
non-allelomorphic, narrow leaf, C. 10, u. 
opaque endosperm, C. u, 7. 
oil-yellow plant, C. 5. 

allelomorphic series, pericarp and cob colour, C. 1. 
non-allelomorphic, piebald patches on leaves, Cs., 11. 
non-allelomorphic, purple colorrhiza, C. 9 (?), 10, u, u. 
non-allelomorphic, pale green seedlings, C. 10, 3, 7, u, u, 9, 5, u, u, u» 
non-allelomorphic, secondary pistillate flowers, Cs, 11, . 
polkadot leaves, C. 9. 
purple plant Golour, C. 6. 
pale midrib, C, 3. 

polymitotic, abnormal meiosis, C. 6. 
red aleurone, C. 5. 
purple aleurone, C. 9. 

panicle developed at second or third node, C. u. 
purple plumule, Cs. u. 
pigmy, C. 6. 

coloured aleurone and plant, many allelomorphs, C. 10. 

ramosa ear, branched, C. 7, 3. 

reduced endosperm, C. 5, 5, 9, 4 (?). 

ragged leaf, C. 3. 

rolled leaves, C. u. 

rust resistance, C. 10 or absent. 

rootless (secondary roots weak), C. 3. 

coloured scutellum, non-allelomorphic C. 4, u. 

striped auricles, non-allelomorphic, C. 9, 5. 

scarred endosperm, non-allelomorphic, C. -5, 9. 

stiff leaves, C. 5. 

shrunken endosperm, C, 9. 

supernumerary silks, non-allelomorphic, C. 6, u, u. 

silkless, female sterile, C. 2. 

slashed leaves, C. 7. 

salmon silk, C. 6. 


small pollen, C. 4. 
striated leaves, C. 1. 

sticky chromosome, meiosis irregular, C. 4. 
sugary endosperm, non-allelomorphic C. 4, 6, q 
yellow scutellum, C. u. * y 

tinged plant, C. 5. 

many nodes and tillers, narrow leaves, C. 7 

n °^1oltc m ence affected, seed * terminaI 

tunicate ear, glumes long, C. 4/ 
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Maize —continued. 

twi-tw 3 twisted seedling leaves, non-allelomorphic Cs. u. 

V1-V20 virescent seedlings, non-allelomorphic C. 9, 5, 5, 2, 7, 6, 6, 4, u, u, u, 
5, u, 9, 9, u, u, 10, u, 10,. 
vai-va2 variably sterile, C. 7, u. 
vp r ~vp4 viviparous, C.io, 5, 4, 9. 

W1-W12 white seedling, non-allelomorphic, C. 6, 10, u, 4, 6, 6, u, u, u, u, 9, 4. 
wa warty anthers, C. u. 

Wh white endosperm, C. 7. 

wl white leaf base, C. 4. 

wsi~ws3 white sheath, non-allelomorphic, C. u, u, 2. 

wx waxy endosperm, C. 9. 

xn I ~xn2 xantha seedling (yellow), C. 10, 11. 

Y1-Y2 yellow endosperm, non-allelomorphic, C. 6, 5. 

yd yellow dwarf, C. 6. 

yf yellow flecked seedling, C. 9. 

ygi~yg3 yellow green plant, non-allelomorphic, C. 5, 9, u. 

Yp pale yellow endosperm, C. 7. 

ysx-ys2 yellow striped leaves, C. 5, 2. 
yt yellow top, C. 3. 

zbi-zbs zebra striped, transverse striped leaves, non-allelomorphic, Cs. u. 
zgi-zg3 zig-zag culm, C. u, 1, 6 (?). 
zl zygotic lethal, C. 1. 


Table ii 

Some Linkage Groups in Plants 

Antirrhinum majus. I. Phan, 29 Marm, 7 Mus, 5 Cus, 2 Aur, 

3 Opa, 12 Alb. (Schick, 1933). 

II. Uni, 9 (?) Dich, 10 (?) Comp, 7*5 Pal, 
11 Pary. (Schick, 1933). 

III. Deci, 38 Luv ? Phyl, 30 (?) Stri. 
(Hackbarth, 1933). 

Brassica oleracea. Malinowski (1929). 

Collinsia bicolor . Hiorth (1933). 

Glycine Soja. Owen (1927). 

Lathyrus odoratus . Punnett (1925). 

Lupinus angustifolius. Hallquist (1921). 

Lycopersicum esculentum. I. di, 5 p, 14 o, 18 s, 10 (?) W 0 . 

(MacArthur, 1934), 

V. f, 25 a, 33 If. 

Matthiolaincana . Saunders (1928). 

Oryza saliva . Chao (1928). 

Papaver Rhoeas. Philp (1933). 

Pharbitis Nil Imai (1931,0,6.) 

Pisum sativum. * Winge (1936). 
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Primula sinensis. I. S, 6-2 B, 18-4 X, 22-4 G, 3-6 L. 

II. P, 15 WF, 10 CH. 

III. M, 22-8, Y, 7-69 H, 5-34 K. 

IV. 0,23-8 Mp. (de Winton and Haldane, 

1933 . 1935 ). 

Tropaeolum. Moffett (1937). 

Vida Fdba. Sirks (1933). 

Zea Mays. Emerson, Beadle and Frazer (1933). 

Chromosome x. Length 128 units. 

P25 as 27 br 5 fi 17 an t 27 gsi 27 bm 2 . 

Associated with P : ts 2 , zl, ms. 

am : ad.j 
gsi: zg 2 . 

Involved in T x -2a near am-fx (semi-sterile 1). 

T x ~6a „ br-as ( „ 5). 

T X “6b ,, br (low sterile). 

T x ~7a „ br-fi (semi-sterile 3). 

Also involved in translocations with chromosomes 34, 4i, 53, 7 4 , 
9z> I0 2- 

Chromosome 2. Length 73 units. 

1 g% 19 gU 19 B 7 sk 12 fix 6 to x 8 v 4 . 

Associated with lg r : ws 3 . 

gl 2 : d 5 gs 2 . 
tSi : ba 2 . 

Involved in T-^a beyond v 4 (semi-sterile 1). 

T 2 ~5a near ts x (semi-sterile 4). 

Also involved in translocations with chromosomes 3 3 , 4 4 ,5,, 0 B , 
7$> 81 1 9 %, io x . 

Chromosome 3. Length 103 units. 

a x 28 na x 11 bai 17 ts 4 7 Rg 22 dx 18 cr x . 

Associated with ts 4 : pm x pg 2 . 

bax: lg 2 . 

Rg: ra 2 . 
crx: ms 3 , yt. 

Involved in translocations with chromosomes 5 3> 6 2# 7 2 , 8 2 , g 2l 
104 - 

Chromosome 4. Length hi units. 

dex 35 Ga 21 Ts s 10 sp 3 lo 2 su x 3 de r 6 26 Tu 5 j 2 6 gl 3 . 

Associated with Ts s : la st wl. 

Tu: vs. 
sui: Si vp 3 . 

Involved in translocation with chromosomes 5 4( 0 3 , 8 U g 2t 
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Zea Mays —continued. 

Chromosome 5. Length 72 units. 

f a 2 6bm r 6bv 19 pri, 9 ysi 32 v 2 . 

Associated with bm x : bti vp Y 2 v 3 (?) sf tn. 
pri: V12 d6 sci. 

Involved in T2~5a f —bm r (semi-sterile 4). 

T 4 - 5 a. 

T 5-7C. 

Also involved in translocations with chromosomes 6 Xl 7 2 , 8 X , g x , 
io x . 

Chromosome 6. Length 61 units, 
po 13 Yi 28 PI 10 sm 10 py. 

Associated with Yi: sii fi msi yd w 5 w <5. 

Unknown positions : Bh su 2 V6 v 7 gm 4 w. 

Involved in Ti-6 b near Yx (low sterile). 

Ti-6a (semi-sterile 5). 

T6-9a. 

Also involved in translocations with chromosomes 8 X , g x io x 

Chromosome 7. Length 52 units. 
v 5 14 ra 4 gh 10 Tp 6 ij 18 Bn r . 

Associated with ij : fri si. 

gli : fr 2 in. 

Bn z : pg 3 . 

Positions unknown bd Hs 0 2 Wh Yp. 

Involved in Ti~7a ra f —gl (semi-sterile 3). 

T5~7a beyond Bni (semi-sterile 6). 

Also involved in translocations with chromosomes L 

Chromosome 8. Length 18 units, 
jx 18 mss. 

Involved in Tg-9a between f —ji (semi-sterile 2). 

Also involved in translocations with chromosomes 9 X , io 4 , 

Cliromosome 9. Length 65 units. 

Knob 1*5 yg 2 19 C3 sh 15 bp 15 wx 12 Vi. 

Associated with C : 1 Da h. 

wx : aui dexs v xs ar d31 7 w n . 

. yg 2 : re 3 g 4 . 

Unknown positions : cr 2 gl 4 gm e ms 2 sax sc 2 yh. 

Involved in T6~9a wx~vi. 

T8~9a Vi 4 (semi-sterile 2). 

Chromosome 10. 
nli 18 gv 14 R. 

Unknown positions R. 1 2 d 7 w 2 Pc 2 zb 2 dui a 3 gm 2 . 

H . pgi L vpi def, f 3 , vis, v 20 xni Rp. 

Involved in translocation with chromosome 9 X . 
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Sufficient data are now available in sevei'al organisms to construct 
maps of chromosomes which indicate the relative position of the 
genes one to another and in some cases to fixed cytologically 
determined points. Fig. 21 of Drosophila nwlanogaster only 
include those genes which are easily identified by their character 
expression and do not include the many lethal and modifying 
genes which are known. The genetic maps of the chromosomes 
of Drosophila melanogaster cover almost all the active regions 
of the chromosomes whereas all the chromosomes of maize are 
known to be larger than the lengths given in the genetical maps. 
The presence of translocations in maize, Drosophila and Pisum is 
providing great aid in mapping the chromosomes (see p. 263), 

THEORY OF CHIASMA FORMATION 

Cytological evidence of many types shows that the breakage and 
reunion of the chromatids is a normal and essential phenomenon of 
meiosis (see Darlington (1937) under “ interlocking/'’ “unequal 
bivalents,” “ inversions,” " structural hybrids,” " structural 
change”). The exact mechanism of crossing-over depends on the 
manner in which chiasmata are formed. 

Classical Theory. There are two views regarding the method 
of formation of a chiasma. The classical theory (cf. Robertson 
(1916), Wenrich (1917), Wilson (1925), Seiler (1926) and BSl&r (1928)) 
is that the constituent chromatids do not break to form a chiasma. 
Thus chromatid A in Fig. 16 may pair with B, and C with D, at one 
point of the length and at another A may pair with C, and B with D. 
The point of change of the pairing association is a chiasma. At 
what stage the segmental interchange necessary for gcnetical 
crossing-over takes place is a matter for dispute among the holders 
of the classical theory. The reduction in the number of chiasmata 
between diplotene and metaphase is attributed to their resolution 
by breakage while the configurations at metaphase indicate to 
PreU (1923) and Chodat (1925) that interchange may take place at 
the time of chromosome disjunction. If reduction in chiasmata by 
breakage occurred, genetical results of crossing-over in Pisum 
sativum where the number of chiasmata at metaphase is high, 
should be entirely different from that of Primula sinensis where the 
number of chiasmata is considerably reduced by the time of meta- 
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phase. Differences in the crossing-over values of this magnitude 
have not been observed. 

Chiasmatype Theory. An alternative theory of chiasma formation 
and segmental interchange which appears to be supported by 
evidence of a diverse nature is that put forward by Janssens (1924). 
Belling (19280) and Darlington (19306, 1931a, 1931c). 

Janssens (1909) supposes that chiasma formation results from a 
previous segmental interchange (reciprocal transverse breaking and 
fusion between the chromatids). He suggests various forms of 
chiasmatype. In total chiasmatype all four chromatid strands 

CLASSICAL THEORY 




interchange at one corresponding point in their length; in partial 
chiasmatype only two chromatids interchange at any one point in 
the chromosome length. He also suggests that chiasmatype might 
occur at metaphase or at the second division, and that certain 
configurations in mitotic divisions might be of the same nature. 
Since genetic evidence indicates that normal crossing-over takes 
place during prophase of the first division, the partial and total 
chiasmatype hypotheses are of direct interest to the geneticist (see 
pp . 84,97). 

Belling (1928a) and Darlington (19306) independently put 
forward views which are essentially the same as the partial chiasma- 
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type theory of Janssens. Darlington suggests that total 
chiasmatype does not occur, while Belling assumes it to be very 
rare. 

In Darlington’s words (1930!)), “ a chiasma is constituted by 
genetical crossing over between two of the four chromatids taking 
part in it, and association at diplotene is between chromatids 
derived from the same chromosome.” These two assumptions 
enable the genetical and cytological data to be brought into line. 

Fig. 16 represents a bivalent immediately after chiasma formation 
at diplotene and illustrates the difference between this view and the 
classical view. 

It will be seen that on the classical view each chromatid has not 
changed in structure but remains similar to the structure of the 
original somatic chromosome until segmental interchange takes 
place later. On Janssens’ theory, however, a chiasma is formed, as 
a result of crossing-over of two of the four chromatids and the 
resulting chromatids are not similar to those of the somatic comple¬ 
ment. It should be said at once that both of these theories arc in 
agreement with various cytological observations, but lead to 
different requirements in subsidiary hypotheses. 

SEGMENTAL INTERCHANGE AND GENETICAL CROSSING-OVER 

Proof that chromatid segmental interchange is associated witli 
chiasmata formation and that it is the mechanical means for genetical 
crossing-over has been afforded in different ways by Darlington 
(19306, 1932a), Stem (1931), McClintock (1931), McClintock and 
Creighton (1931), Mather (1933), Sansome, E. R. (1932), Rhoades 
(i935). Brink and Cooper (1935), etc. 

In the discussion of these cases it will be seen that there is no 
definite evidence as to the mode of crossing-over between chromatids. 
Nevertheless, the theory of partial chiasmatypy affords in every 

case a simpler and more satisfying explanation than the alternative 
theory. 

Darlington (19316) and Sansome, E. R. (1932) found associations 
of chromosomes with a configuration of a figure-of-eight in structural 
hybrids oi .CEnothera and Pisum. A structural hybrid can result 
from crossing two races which differ in the arrangement of the parts 
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or segments of chromosomes. [For example, one race may have the 
somiatc chromosomes AB, AB, CD, CD, EF, EF, etc., while the 
other race has AC, BD, AC, BD, EF, EF, etc. The chromosome 
segments A, B, C, D, are united in the two races to form different 
chromosomes—relatively interchanged chromosomes. In the 
hybrid between these races the chromosomes will be AB, BD, DC, 


0 



Fig. 17. Figure-of-eight configurations with chromatid segmental 
interchange and diagram of the genetical interpretation. 
(Sansome, E. R., 1932.) 

CA, EF, EF, etc. Since homologous parts pair, a ring of four 
AB DC 

chromosomes, ^ \fo™ed in this diploid 

_ / 

species at meiosis.] Rings consisting of larger numbers of chromo¬ 
somes will be formed when more chromosome segments are inter¬ 
changed. For example, some CEnothera species have all the fourteen 
chromosomes in one ring. 
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The " figure-of-eights ” found by Darlington in species of CEnothera 
and by Sansome in a ring of six chromosomes in Pisum are proofs of 
cytological segmental interchange for the following reasons. In the 
diagram (Fig. 17) representative of both Pisum and (Enothera (in 
(Enothera there are more chromosomes involved in distant parts of 
the ring) it will be seen that a chiasma is present between the 
segments x of chromosomes AxD, CxE, and that in every case 
homologous parts represented by letters are pairing. This con¬ 
figuration cannot arise by any other method than that segmental 
inter chan ge has occurred in segment * between chromatids AxD 
and CxE, giving rise to new chromatids AxE, CxD, if homologous 
parts only pair, since in the normal diploid there are only two of 
every part. 

On the chiasmatype theory with the formation of chiasmata 
resulting from breakage and reunion, no further hypothesis is 
required to account for these facts. On the alternative view it is 
necessary to assume that chiasmata of the compensating type 
(see p. 91) have been previously formed, and that chromatid 
interchange has occurred between them. But since Sansome (1932) 
finds that the chiasma occurs at the x segment in 78% of cases, 
this assumption involving special types of chiasmata seems unlikely. 

The above case demonstrates crossing-over between chromatids 
without the use of genetical data. In Zea and Drosophila the 
demonstration illustrates genetical and cytological crossing-over 
taking place in one individual to give one product. The normal 
female. Drosophila melanogaster, has two similar rod-shaped sex 
chromosomes XX in addition to the autosomes, while the male 
has one sex chromosome X similar to that of the female together 
with a v-shaped chromosome Y which has a sub-median 
attachment constriction dividing it into a longer and a shorter 
arm. Stem (1931) synthesised female flies of the constitu¬ 
tion X p , X d , XY 1 , in which X p and X* were separate proximal and 

distal halves of an X chromosome, and XY 1 was composed of an X 
joined to the long arm of the Y chromosome, the shorter arm being 
absent. When one half of the broken X chromosome carried the 
factor B (Bar eye) at 57-0 units (see p. 98) and cr (carnation) at 

65-0 units and the compound chromosome XY 1 carried the wild 
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types obtained on crossing to a normal male carrying cr and wild 
type factors. 

A cytological examination was made on 364 individuals of the 
progeny. In 156 cases the factors B and cr had crossed over and in 
every case the chromosome parts were observed to have inter¬ 
changed. Where no genetical crossing-over took place between 
the factors (203 individuals) there was no observed segmental 
interchange (see also p. 252 and MeClintock (1931), Rhoades (1935)). 

Conditions of Chiasma Formation and Genetical Crossing-over. 
It was stated earlier that, in general, chiasmata were formed at 
random along the chromosome length with a frequency propor¬ 
tional to the length. This is certainly not the case in short chromo- 



Fig. 19. Graph, showing three types of relationship possible between 
chiasmata or crossing-over and the length of the chromosomes : 
direct proportion in Fritillana imperialis (two clones) ; fixed 
value with localisation in Mecostethus and perhaps in some 
Uitigidm; the compromise in Stenobothrus and perhaps in 
^osopMa melcmogaster " D.m ” (From Darlington and Dark, 
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somes but may be correct for chromosomes above a certain length 
which are not affected by the presence of large inert regions as in 
Lycopersicum (Lesley and Lesley, 1936), or influences external to 
the chromosome. Fig. 19, from Darlington and Dark (1932), 
illustrates the chiasma frequency of different chromosomes in 
Stenobothrus Uneatus , together with that of Fritillaria imperialis 
and the genetic lengths of the chromosomes in Drosophila melano - 
gaster. In Stenobothrus the chiasma frequency is proportional to the 
length; but a decrease in chromosome length leads towards a 
frequency of one chiasma in place of no chiasmata. There is a good 
agreement also when the genetic data from the X, II and 
III chromosomes of Drosophila are superimposed on the figures 
from Stenobothrus. Chromosome IV in Drosophila has a minimum 
of 1 chiasma, i.e. f the chiasma frequency is high in proportion to its 
length. 

In Fritillaria meleagris (Darlington, 1932 b) only one chiasma is 
formed in each arm of a chromosome irrespective of its length. 
The frequency of chiasmata depends on (1) the pairing properties 
of the chromosomes at zygotene ; (2) the segmental interchanges 
possible in these parts that have paired. This latter condition is 
influenced by (a) the relative times of the pairing of the chromosomes 
(see Darlington, 1937, p. 288) and of the onset of chiasma formation; 

(b) interference between chiasmata in one pair of chromosomes ; 

(c) a suggested possible interference in chiasma formation between 
different chromosomes (see Mather, 1936) ; (d) presence of inver¬ 
sions, translocations and other changes of homology near paired 
chromosome parts ; (e) gene control; (/) influence of the centro¬ 
mere, and ends of the chromosome arm on (1) chromatid splitting, 
(2) the formation of the proximal chiasma. 

Relationship of Chiasma Formation and Crossing-over. Belling 
(1931), followed by Sax (1932) and Mather (1933), has utilised a 
formula connecting cross-overs with chiasmata (see Weinstein (1936) 
for general treatment). A consideration of Fig. 16 will show that 
at one chiasma there are to two cross-over chromatids and two non- 
cross-over chromatids, i.e., 50% crossing-over. Fig. 20 shows the 
possibilities where two chiasmata are formed. Either the chroma¬ 
tids which take part in the first chiasma also take part in the 
second (reciprocal) or neither take part in the second (comple- 
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Fig. 20. For description see text, p. 89. 


mentary) or one of the chromatids takes part in both chiasmata 
(diagonal Sansome disparate, Darlington) .* There are two diagonal 
types corresponding to each of the two chromatids involved at the 

of * wo°chiasmata ^ ^ SiX S6tS ° f terms for ttese sim P le arrangements 
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first chiasma. The diagonal type is known as non-compensating while 
the reciprocal and complementary types are known as compensating 
types, in cytology, Hearne and Huskins (1935) have been able to 
distinguish these types cytologically in Melanoplus femur-nibmm. 
The reciprocal type gives gametes A B C, a b c, a B c, A b C, i.e., 
two non-cross-overs, and two double cross-overs. One diagonal type 
gives A B C, A b c, a B c, a b C, i.e., one non-cross-over, one double 
cross-over and two single cross-overs. The other diagonal type 
gives a b c, A B c, A b C, a B C. From the complementary type 
we expect four single cross-overs. If all four types occur with 
equal frequency we expect equal proportions of 4 non-cross-overs, 
4 single cross-overs in the region A B, 4 single cross-overs in the 
region B C, and 4 double cross-overs in A C. Present evidence 
indicates that these types occur on a random basis., i.e,, there is no 
chromatid interference . Whether chromatid interference does ever 
occur is doubtful (see, however, Mather (1938), Sax (1932), Hearne 
and Huskins (1935)). It should be noted in passing that the cross- 

4 ™f“ 4 

over percentage of the distance A C of this example is . -- — =50 % ; 

distances as great or greater than 50 units long cannot normally 
be measured from pure linkage experiments in diploids. 

The output of 0,1, 2, 3, 4 chiasmata in terms of cross-overs is :— 


Cross-overs 



0 

I 

2 

3 

4 

Chiasmata 1 

2 

3 

4 

o-5 

0-25 

0-125 

0-0625 

o-5 

o-5 

0-375 

0-25 

1 

0-25 

0-375 

0-375 

0-125 

0-25 

0-0625 


For example, one chiasma gives 50% non-crossed-over and 
50% single crossed-over chromatids. 

The number of crossed-over chromatids resulting from 1, 2, 3, 4 
chiasmata can therefore be estimated as follows : Let a, b, c, d, e be 
the frequencies of 0, 1, 2, 3, 4 chiasmata, and s, t, u, v, be the 
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frequencies of recovered chromatids with o, i, 2, 3, cross-overs in 
a length of chromosome. 

s = a + -5 b -f- -25 c + -125 d . 

t = -5 b + -5 c + -375 d. 

u = -23 c + -375 d + -375 e. 

v = -125 d + '25 e. 

This may be transformed into the more useful 

a = s — t + u — v. 

b==2t—4 u + 6v . 

c = 4 u — 12 v. 

d — 8 v. 

With these equations it is possible to analyse the massive crossing- 
over data from Drosophila melanogaster and Zea in terms of 
chiasmata with mutual advantage to geneticists and cytologists 
(see Weinstein (1936), Mather (1933, 1935, 1937), Charles (1938)). 

Double Crossing-over 

Relationship between Chiasmata. If the distance between two 
genes is great there is a chance for two cross-overs to take place 
between them. This double crossing-over or coincidence is therefore 
a function of the distance between the genes. The distance in 
which double crossing-over can occur has a particular value which 
varies with the part of the chromosome involved. Bridges and 
Morgan (1923) showed that the coincidence in the X-chromosome of 
D. melanogaster is greatest in the neighbourhood of tan where double 
cross-overs may occur in a section as small as 13 units. Coincidence 
may be as high as 1*3 and double cross-overs occur within 6 units 
in the middle regions of chromosome III. Double cross-overs are 
extremely rare in 20 units of cross-over at a distance of 15 units 
from the ends of the chromosomes (Morgan, Bridges and 
Sturtevant, 1925). 

The region of the centromere in Drosophila has increased double 
crossing-over and decreased single crossing-over as compared with 
other regions (see Beadle, 1932). These facts may be due to the 
non-proportionality of the genetic and physical distances 
(Schweitzer, 1935), see p. 109. 
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If coincidence of crossing-over involving only two chromatids 
takes place (in the Figures 16 and 12) the resulting crossed* 
over chromatids will be aBc and AbC, Hence double crossing-over 
leaves A C and ac in the same relation to one another after 
meiosis as before. Therefore, in genctical results the detectable 
cross-over value between A and C will be less than the real value* 
Thus in calculating the cross-over value of AC from the sum of the 
cross-over values of AB and BC correction must be made for this 
fact of double crossing-over. 

As Haldane (1918a/;) points out, if AB has the cross-over value 
m and BC has the value n in a triple heterozygote the total result of 
cross-overs in the different regions is 

non-cross-overs ABC abc (1 — m) (1 — n) 
single cross-overs aBC Abc m( 1 — n) 

„ ,, ABc abC n{x — m) 

double cross-overs aBc AbC mn 

The value AC will be m(i — n) + n(i — m), m + n — 2 mn, 
when double cross-overs occur and m + n when no double cross¬ 
overs occur. The value m + n — 2 mn, however, is rarely realised 


Table 12 
Three Point Tests 
Backcross Data 


Species. 

Genotype 

Parental 

Recombinations. 

C< >- 
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Authority, 

Combinations 

I 

# 2 
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Zca Mays . 

Csh + 

2,538 2,708 

116 113 

dor 6s6 

4 2 

o.X4 

Hutchison 


+ ~\r wx 

5,246 

22<) 

3-4% 

1,237 

i«.3% 

6 

O.x % 

(X933). 

Primula 

sinensis. 

ft SB G 
s b g 

1,674 1,670 
3,344 

13X 125 
245 
6,6% 

7i5 7«9 

1,504 

33.x % 

43 45 

88 

x.7% 

0.86 

do Winton 
& Haldane 
(X935)* 

Primula 

sinensis 

s b g 

2,217 2,070 
4,387 

350 371 

72 r 
n.C% 

1,364 *,139 
2,403 
35.0% 

Xl6 I X<) | 
& 

0,77 

do Winton 
& Haldane 
(i933)* 

Lyeopersicum 

escuUntum. 

#D PO 
dp 0 

257 159 

416 

78 

15 

2.0% 

36 36 

72 

14.3% 

0.0% 


Sansomc 

(m3*) 


Under the heading “ Recombinations ’’region x gives the number of cross-over plants resulting from 
crossing-over between the left-hand factor and the central factor, while region 2 gives the cross-over- 
plants resulting ffom crossing-over between the central factor and the factor on the right hanc 





94 


LINKAGE 


in experiments. More usually the value lies between m + n — mu 
and m + n — 2 mn in moderately large distances between A and C. 
One cross-over interferes with the formation of another cross-over 
within a certain distance from it. This interference necessarily 
reduces the number of double cross-overs. Hence interference is 
the reciprocal of coincidence, which is measured by the coefficient, 
observed/calculated double cross-overs. When the coincidence 
is 1, interference is at a minimum, while coincidence equal to zero 
indicates 100% interference. 

The coefficient of coincidence is most easily calculated from the 
formula:— 

xn 

coefficient of coincidence = -r 

ab 

in which x is the number of observed double cross-overs, n is the 
total number of plants and a and b the single cross-overs observed 

a b 

in regions 1 and 2 respectively, i,e , 

A r B 2 C 

Stevens (1936) has analysed the usage of the co-efficient of 
coincidence and pointed out that it is necessary to use a particular 
method when calculating the co-efficient for non-adjacent regions of 
the chromosome. As a result, he is able to show that coincidence 
rises steadily to unity with increasing distances in the AT-chromosome 
of Drosophila , and that the reappearance of interference to form 
nodal points above 40 units distance does not take place as, was 
previously thought, 

Chiasma Formation. Recent cytological work indicates that the 
formation of one chiasma influences the formation of another in its 
neighbourhood. Haldane (1931) analysed the cytological data of 
eight species of plants, Vida Faba , Matthiola incana, Camp (inula 
persicifolia, Fisuru sativum, Tulip a australis , Fritillaria impcrialis, 

■ and two species of Rosa which had been examined by Maeda* 
©arlington and others. He showed that in these species the 
chiasma frequency per bivalent did not correspond to the Poisson 
series expected if the chiasmata were formed independently of one 
another. Instead it was found that the ends of the observed curve 
were truncated and that there was a considerable concentration of 
\ 
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frequencies round the mean. Table 13 from Haldane (xyji), gives 
the observed and calculated chiasma frequencies per bivalent in the 


Table 13 

Maeda’s Data for the Long Chromosome in (Vicia Faba ex. Haldane, 

I93i) 


X 

0 x 2 3 4 5 6 7 8 9 10 n 12 13 4 

X 5 

xf> 17 

x8 if) 

30 

n obs. 

000x3 7 13 33 39 4X 28 8 8 0 0 

0 

0 0 

0 0 

O 

n calc. 

O’O 0-3 x.4 4*0 8*5 14*2 23*9 25*0 23*3 19*6 15*0 10*5 6*8 4-0 

2-3 

X*2 0 •<> 

0*3 o*x 

0*0 


case of the long chromosome M of Vicia Faba (Maeda, 1930 b). 
There is a large concentration at 7-10 chiasmata in the observed 
frequencies. This might indicate either that the chiasma forma¬ 
tion is localised in particular regions or that one chiasma interferes 
with the formation of another distal to it. Maeda, however, has 
shown that a chiasma may arise anywhere along the length of the 
chromosome and localisation does not occur. 

Mather (1936, 1937) shows that in Drosophila the chiasma 
proximal to the centromere is formed at a certain distance from the 
centromere, and that this distance varies with the length of the 
chromosome limb ; the longer the limb the greater is the distance of 
the proximal chiasma from the centromere. This variable distance 
determines the position on the chromosome where high crossing-over 
occurs (see p. 109), since Mather shows that the mean distance 
between the first and second proximal chiasmata (" interference 
distance ”) remains constant in the X, II and III chromosomes of 
D. melanogaster . Cytological evidence indicates that this relation of 
the centromere with the proximal chiasma is a general one. Mather 
suggests that the proximal chiasma is the first to be formed, and that 
its formation influences the formation of succeeding chiasmata. 
Schweitzer (1935) deduces from similar data that crossing-over may 
begin at random on the chromosome. Charles (1938) has also 
analysed genetical data in Drosophila and suggests that both the end 
of the chromosome arm and the centromere influence the position of 
crossing-over and that the first formed chiasma need not, be proximal 
to the centromere. He further illustrates a useful method lor 
obtaining the average percentage of crossing-over in p Q/>lh 
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of the chromosome. The statistical analysis of crossing-over is a 
valuable method for the study of chromosome behaviour during 
prophase, but the conclusions must be regarded critically. 

Association may start anywhere on the chromosome, with a 
tendency to begin at the ends in Zea (McClintock, 1932), while 
Sansome, E. R. (unpub.) has shown that pairing begins usually at 
the ends of a structurally changed chromosome of Pisum sativum. 
Darlington (1936) shows that pairing is most frequent at the ends of 
the chromosomes of the structural hybrids of Rhoeo while Dobzansky 
and Tan (1936) observed this fact in Drosophila. 

It is highly important to discover if pairing and if chiasma forma¬ 
tion start at a particular region. The theories of the origin of 
differential segments in structural hybrids, of pairing, homology and 
disjunction would all be modified by a localisation of the com¬ 
mencement of either. The place of commencement of pairing, how¬ 
ever, may or may not effect the point of commencement of chiasma 
formation. 

Darlington had found that there was a negative correlation 
( — 0*330) between the frequency of chiasmata in the smallest 
bivalent and the frequency of chiasmata in the remaining bivalents 
of 8 chromosome Secale cereale. Mather (1936), Mather and 
Lamm (1935) have statistically examined a number of rye plants 
and numerous animal and plant species for negative correlation. 
They claim to have shown that frequently, but not universally, 
there is a definite relation between the frequency of chiasmata in 
one bivalent with that of others in the same cell, and Mather (1936) 
suggests that the bivalents “ compete for chiasmata ” in one 
nucleus. Sansome (in press) provides evidence of the difficulties 
met with in this type of analysis. If there is negative correlation 
between the chiasma frequencies of different bivalents, we expect to 
observe correlated genetical crossing-over in two different bivalents. 
Increased crossing-over in one bivalent should be accompanied by 
decreased crossing-over in another, de Winton and Haldane (1935) 
do not find this in Primula sinensis , but there are po'ssible indications 
of it in abnormal forms of Drosophila melanogaster (Morgan, Bridges 
and Schultz (1933), Steinberg (1935)). The application of statistical 
methods to chromosome behaviour is a valuable means of analysis 
but definite genetical evidence of negative correlation will be more 
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satisfactory since size of bivalents, presence of inversions and 
duplications, non-proportionality of chiasma frequencies and 
length, terminalisation and several other phenomena are not con¬ 
trollable by the analysis of variance method as used by Mather. 

Mode of Crossing-over. Darlington (1935) has published a theory 
of crossing-over which arises from his theories on chromosome 
mechanics. He supposes that the four chromatids are twisted 
spirally round each other under strain at pachytene and that the 
chromatids are held tightly to each other by attraction of small 
parts throughout their length. Under strain, one chromatid breaks 
and that break induces a half twist to release tension and also 
induces a break, by causing extra strain, in the corresponding 
chromatid. A new union by attraction under no or little tension 
then occurs to give a chiasma. This theory to explain why 
chromatids break and rejoin at identical parts probably approaches 
fact, whether the general torsion theory is correct or not (see also 
Belling, 1933). 

Conditions of Crossing-over. Genetical evidence is fairly complete 
as to the time and the manner of crossing-over during meiosis. 
Plough (1917, 1921) and Gowen (1929) utilised the fact that 
temperatures over 25 0 C. increase crossing-over in Drosophila. 
Females were raised in temperatures over 25 0 C. and at 
various ages were introduced into normal temperatures for 
egg-laying. Plough concluded that crossing-over had taken 
place seven to eight days before the eggs were laid, since 
the effect of the temperature upon egg-laying was detectable 
up to that period. The early stages of the first maturation 
division take place about seven to eight days before egg-laying. 
Evidence from triploid Drosphila melanogaster (Bridges (1916), 
Bridges and Anderson (1925), Morgan, L. V. (1925), Anderson (1925), 
Redfield (1930) and others), from trisomic maize (Rhoades, 1933), 
tetraploid Lycopersicum esculentum (Sansome, 1933), and tetraploid 
Primula sinensis (de Winton and Haldane, 1935), indicates that 
crossing-over takes place after the chromosomes separate into their 
component chromatids. The genes pr, v 2 are situated on either side 
of the centromere of chromosome V in Zea Mays. They are 41 
cross-over units apart and pr is closer to the centromere than v 2 . 
Rhoades (1933) crossed trisomic plants of the constitution Pr V 2 , 
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Fig. 2i. Maps constructed from data kindly provided by Dr. C. B. 
Bridges (June, 1932), showing principal loci in chromosomes I, II, 
III, and IV in Drosophila melanogaster. The symbol 11 designates 
the most useful types, 1 those nearly as good, while those 
unmarked are important only in special connections. 


Pr V 3 , pr v a with the double recessive diploid pr v 2 , pr v 2 . Among 
the progeny were 61 plants homozygous for v 2 v 2 v 2 and 9 plants 
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homozygous for prprpr. Since the diploid recessive parent pr v 2 , 
pr v 2 only supplies one pr v 2 to the progeny the trisomic parent 
although only containing one pr v 2 chromosome contributes two 
representatives to the progeny. Doubling of the genes therefore 
takes place before separation, i.e., before meiotic metaphase I. The 
frequencies of homozygosity of pr (9) and v 2 (61) are different 
(many of the progeny were of the constitution Pr v 2 , pr v 2 , pr v 2 ). 
These phenomena can only be brought about by crossing-over 
between chromatids after splitting of the chromosomes and before 
disjunction at metaphase. 


Parental Combination. 

i Chromatids. 

Before Crossing-over. 

After Crossing-over. 

Chromosomes I. Pr V 2 

Pr V 2 , Pr V 2 

Pr V 2 , Pr v 2 

„ 2. Pr V 2 

Pr V 2 , Pr V 2 

Pr V 2 , Pr V 2 

>. 3 - pr v 2 

pr v 2 , pr y z 

pr V 2 , pr v 2 


If normal disjunction took place after such crossing-over between 
the chromatids, there would be four types of gametes, Pr V 2 , Pr v 2 , 
pr V 2 , pr v 2 , resulting from chromosomes 1 and 3. If these all went 
to one pole at anaphase I (non-disjunction), the second division 
would produce n p 1 gametes in the proportion iPrV 2 prV 2 , 
1 Pr V 2 pr v 2 , 1 Pr v 2 pr V 2 , 1 Pr v 2 pr v 2 , as contributions to form 
trisomic progeny. A constant feature in maize, Primula sinensis , 
Lycopersicum esculenhm and Drosophila is that genes near the 
centromere do not show as much homozygosis as those from distant 
regions. Homozygosis is the frequency with which one recessive 
gene present in a heterozygous parent appears in the homozygous 
state in the progeny. Pr is near and V 2 at a greater distance from 
the centromere; pr shows 1*2% homozygosis and v 2 4-1% homozy¬ 
gosis among the trisomic progeny of the cross. 

Morgan, L. V. (1925), Anderson (1925), Morgan, Sturtevant and 
Bridges (1933), Bridges and Anderson (1925), Redfield (1930), 
Beadle (1934, 1935), Beadle and Emerson (1935), Emerson and 
Rhoades (1933), Rhoades (1931, 1933), etc., supply important data 
which considerably extend our knowledge of cms&ll^pver. At a 
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particular region near the centromere between Bar and bobbed in 
the X chromosome of Drosophila melanogaster, in the middle of 
chromosome III between scarlet and curled (or Peach) there was a 
complete absence of homozygosis of the genes, whereas at greater 
distances from these regions, homozygosis increased in frequency. 
The following percentages of homozygosis in attached X-stocks of 
Drosophila were found by Rhoades (1931). 


Table 14 


bb 

f 

g 2 

t 

ct 

rb 

ec 

w a 

X 

18*2 i8*<) 

18*2 18*2 

ob. 0 
exp. 

5-2 

5-2 

9-5 

10-4 

16-1 

16-1 

I 5'5 

17-6 

177 

18-4 

17- 4 

18- 4 

17- 8 

18- 2 


In these stocks two X chromosomes are attached together near the 
centromere and non-disjunction takes place regularly, therefore the 
observed differences must be due to crossing-over. Crossing-over 
between two genes will produce AB, Ab, aB, ab in chromatids 
{of. Fig. 20). If A and A separate from a and a at metaphase 
(reductional separation), then Bb will separate from Bb (equational 
, AB, Ab 

separation), thus -- - — . In other words the occurrence of one 

chiasma between A and B will give rise to equational separation of 
B and chromatid parts distal to it. Disjunction will produce four 
normal gametes AB, Ab, aB, ab, since the two meiotic divisions 
separate all four chromatids. Non-disjunction, associated generally 
with metaphase I, however, prevents the first separation AB, 
Ab—aB, ab, and combines the products in one cell. At the 
second division AB separates from Ab and aB from ab as in 
normal cases, but now AB is combined in one gamete with aB or 
ab, and Ab with aB or ab. The last combination is the equational 
exception, giving rise to homozygosis of b in the progeny. There¬ 
fore homozygosis depends on the occurrence of non-disjunction and 
equational separation. The increase in frequency of homozygosis 
as the distance from the centromere increases therefore indicates 
that (1) chromatids do not separate from one another at this point 
until the second division, i.e., separation is always reductional at 
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the centromere ; (2) the frequency of homozygosis is proportional 
to the crossing-over which takes place between the centromere and 
the locus of the gene. Mather (1936 b) has developed formula for 
evaluating these variables. 

Since homozygosis depends on the amount of equational separa¬ 
tion when there is regular non-disjunction as in attached Xs, it is 
necessary to discover the amount of equational separation after the 
formation of one, two, three or more chiasmata between the 
centromere and locus of the gene. Weinstein (1936), Mather (1935) 
have treated this subject mathematically with the following 
result:— 


Table 15 


No. of Chiasmata. 

Proportional Equational 
Separation. 

Homozygosis. 

0 

0 

0 

1 

I 

i 

2 

i 

i 

3 

i 

A 

4 

1 

izr 

5 

a 



Therefore, even after 5 chiasmata, there is not random separation 
between a locus and the centromere. Randomness is only 
approached after an infinite number of intervening chiasmata. 

Since in the attached X case only one out of the four combinations 
of AB, Ab, aB, ab, namely Ab, ab gives rise to homozygosis of the 
recessives the frequency of homozygosis is \ of the frequency of 
equational separations. Utilising this fact together with the formula 
of Belling, Sax and Mather for converting frequencies of crossing- 
over into chiasma frequencies, we can estimate the homozygosis 
expected in the Drosophila case above. Agreement is close (see 
Table 14) and it should be noted that homozygosis resulting from 
complete random separation, i.e ., J of § or 167% is not observed 
even at the distal end of the X chromosome. An extension of these 
methods to tetraploids may be made (Sansome, 1933, Mather, 1936) 
where chromatid segregation (Sansome, 1933), also depends on 
the production of equational exceptions by equational separation, 
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accompanying non-disjunction. Qualitative proofs similar to 
pr, v 2 in maize are available in tetraploid Primula sinensis (de Winton 
and Haldane, 1935), Datura Stramonium (Belling, Blakeslee and 
Farnham, 1923), and Lycopersicum esculentum (Sansome, unpub.). 
In these cases either plants of the constitution AAAa have given 
aaaa progeny, or Aaaa plants have given AAaa progeny when 
crossed to the recessive (see p. 181). 

Crossing-over in Fungi. Lindegren (1936) makes use of the 
phenomenon of equational separation to construct a linkage map 
oiNeurospora crassa where the line of 8 spores in the ascus reflects 
the divisions antecedent to its formation (see Fig. 12). 

The analysis of tetrads of spores in other organisms (see pp. 16, 
49) shows that segregation takes place either at the first or second 
division of meiosis. Since the chromosome does not divide at the 
centromere, until the end of the first division, it is possible 
to account for the general phenomena. All genes close to the 
centromere will exhibit segregation at the first division (reductional 
separation) and genes at increasing distances from the centromere 
will segregate at the second (equational separation) as well 
as at the first division, in a frequency proportional to the 
frequency of chiasma formation, which depends on the distance 
from the centromere. The occurrence of chiasmata will permit 
equational separation of the genes at the first division. For 
example, the segregation of + and —, Gap G and non-gap g was 
studied in one cross. The parental combinations +G —g were 
recovered 634 times and the recombinations —G+g were found 

58 times. The cross-over percentage therefore is = 8-4%. G 

separated from g 165 times at the first division and 23 times at the 
23 

second division, i.e., jgg = 12-2% equational separation = 6-i% 

crossed-over chromatids. The ^ pair of allelomorphs separated 
142 times at the first division and 36 times at the second division, 
i.e., 20-2% equational separation = io-i% crossed-over chromatids. 
Hence the order of the genes and the centromere | on the 

chromosome is + 8-4 G 6-i f . The distance G-j will include 

double cross-overs which naturally cause a reduction in the observed 
crossing-over (io-i%). By observing the arrangement of the spores 
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it is possible to distinguish double cross-over types from non- 
cross-overs. When these are allowed for, the distance —f 
becomes 14*6, a very close agreement with the sum of 6-i and 8*4. 
The genes “crisp/' “pale,” and “dirty" were located on the 
other arm of this chromosome with the median attachment. Some¬ 
what analogous results are reported by Wettstein (1924), in 
mosses, Allen (1930), in Sphaerocarpos , and Michaelis (1931), in 
Epilobium. 

Bridges and Anderson (1935), working on the X-chromosome, and 
Redfield (1930) on the II. and III. chromosomes of Drosophila 
melanogaster , raised triploids in which all three homologous chromo¬ 
somes were marked throughout their length by genes. The history 
of the' parts of the chromosomes could therefore be followed and 
hence the gametic output in terms of the X , II, or III chromosome 
could be compared with the parental constitution. It was found, 
for example, that one resultant chromosome was composed of parts 
of three original chromosomes indicating that crossing-over between 
two of the three chromosomes at one point could be accompanied by 
crossing-over between a third chromosome and one of the 
participants at a different point. These progressive double cross¬ 
overs equal the number of recurrent double cross-overs in which only 
two chromosomes are involved. Therefore, crossing-over between 
any two homologous chromosomes in the triploid Drosophila does 
not interefere with crossing-over with a third chromosome in a 
different region. Mather (1933) however has shown that this is only 
partly true; since the pairing of parts of two chromosomes 
influences to some extent the pairing of neighbouring parts. A 
further proof that crossing-over takes place after the separation of 
chromatids is that the six strands in a trisome may all be different 
from one another in gene content after crossing-over. 

Proof from the same work was obtained that (1) crossing-over 
may take place between any two chromatids which are not derived 
from the same chromosome, i.e., AB, AC, BC, but not AA, BB, CC ; 
(2) chromatids derived from the same chromosome remain 
associated at the centromere until the end of the first division of 
meiosis. Evidence that chromatids derived from one chromosome 
do not cross-over is obtained from (1) Sturtevant's work (1925, 
1928) (see p. 127) on Bar eye : (2) L. V. Morgan's work (1933) on the 
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ring X chromosomes in Drosophila : (3) Weinstein’s mathematical 
analysis of crossing-over in Drosophila melanogaster (1936). 

GENETICAL AND CYTOLOGICAL LOCI 

The locus of the centromere has been genetically determined 
in several chromosomes of Maize and species of Drosophila , and 
has been indicated in Primula sinensis , Neurospora crassa and 
other plant species. The region is characterised by :— 

(1) An absence of equational separation of genes. 

(2) High coincidence and low crossing-over. 

(3) Crossing-over more greatly affected by differences of tempera¬ 
ture, age and other environmental influences (Stern, 1926 o, Bridges 
and Morgan, 1919). 

(4) The presence of an inert region close to the centromere. 
This is proved in Drosophila species, and indicated in Zca } 
Tradescantia , Fritillaria , Lycopersicum , Crepis, and other plants 
(see p. 106, and Darlington, 1937, p. 330). 

A striking confirmation that genes are linearly arranged on the 
chromosomes is afforded by the experiments of a group of workers 
who utilise Z-rays to increase the proportion of chromosomal 
irregularities: Stern (1926 b, 1928, 1929a, 1931), Muller (1929, 
1930, 1935 ), Dobzhansky (1929, 19300,0, 19310,5, 1932, 1933, 
1938), Griineberg (1937), Glass (1933), Painter and Stone (1935), 
Beadle (1932) et al . on Drosophila', McClintock (1931, 1933), 
Burnham (1932), Anderson (1935), Rhoades (1933) on Zea. 

A section of a chromosome may break off the main body of the 
chromosom fragmentation. It may become attached to a different 
chromosome or to a different part of the original chromosome— 
translocation. Exchange of material between two non-homologous * 
chromosome parts may occur—segmental interchange {reciprocal 
translocation). Reduplication of parts in a nucleus such as occurs 
when a portion of the Z-chromosome translocated to chromosome 
IV is present in the same nucleus as two normal Z-chromosomes or 
deficiency may follow translocation, fragmentation, or segmental 
interchange. Inversion, where a part of the chromosome is inserted 
in a reverse order to the original position also leads to the production 
of peculiar secondary abnormalities, which can be followed by 
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genetical and cytological means (Zea } McClintock (1931), Brink and 
Cooper (1932), Creighton and McClintock (1931), Creighton (1934) ; 
Trillium , Smith (1935); Drosophila , Sturtevant and Beadle (1936) ; 
Matthiola, Philp and Huskins (1931); and pp. 252, 262). These 
abnormal chromosome arrangements necessarily lead to certain 
definite genetical results which give valuable information on points 
which cannot be easily obtained from material with a more normal 
chromosome behaviour. 

Linkage studies (Anderson (1925), etc.) had shown that a 
recessive factor " bobbed ” which determined the length of hair in 
Drosophila melanogaster was situated on the X chromosome near the 
centromere. Bobbed is only expressed in the female and does 
not appear in the male although it may be homozygous. Stern 
(1926 a,b ) showed that there was an inhibitor carried by the Y 
chromosome which prevented the expression of bobbed in the 
male. This conclusion was based on the following grounds :— 

(1) Through primary non-disjunction, males of the formula XO 
can be obtained. If the recessive bb is present they show the 
characteristic bobbed hairs. 

(2) XXY females which are homozygous for bobbed do not show 
the bobbed character while their normal XX sisters do. 

(3) Gynandromorphs which have no Y chromosome show the 
bobbed character on both the male XO and female XX sides of 
the body. 

Experiments showed that this inhibitor was not linked to any 
factors on chromosomes X } II, III and IV. This supports the 
view that the inhibitor is on the Y chromosome. Generally, the 
inhibitor and bobbed were independent, but Stern found that in the 
progeny from a cross, bobbed female X(bb) X(bb) X A r (bb)Y lbb , 
there were no bobbed daughters. It was found on cytological 
examination that the X chromosome was joined to the Y chromo¬ 
some at one end—the attachment end. These non-bobbed daughters 
therefore had received the Y chromosome containing the inhibitor 
along with the X chromosome from their father. Further genetical 
experiments showed that the inhibitor and bb were behaving as if 
closely linked. It was therefore suggested that the inhibitor must 
have been on the longer arm of the Y chromosome which was joined 
to the X } and that both bb and the inhibitor were not far from the 
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point of attachment to the spindle fibre and from each other. By 
further experiments, Stern (1926a, 1927a) showed cytologically that 
bobbed and the inhibitor were indeed in the regions suggested by 
the genetical results. Material was obtained in which, as the result 
of fragmentation, different lengths of the Y chromosome were 
present in a nucleus with the X chromosome containing bb. The 
expression of bb was only inhibited when the portion of the long 
arm of the Y chromosome nearest the spindle fibre attachment was 
also present. When that portion was absent and any other portion 
of the Y chromosome was present, the flies were bobbed. 

During Stern's work it was found that both distal portions as K* 
and K 2 of the Y chromosome carried material which was necessary 
for the fertility of the male Drosophila. Previously it was known 
that the Y chromosome did not carry identifiable factors but that 
it was essential for the fertility of the male. Stern's work showed 
cytologically that two definite portions of the Y chromosome, and 
not the whole chromosome, controlled fertility. 

Muller and Painter (1929), Painter and Muller (1929), Dobzhansky 
(1929, 1930 a f o, 1931 a,b), studied the translocations of the II, III 
and X chromosomes to other chromosomes. The change in 
chromosome structure may be observed cytologically and the genes 
involved can be identified by breeding. Thus, where a small 
translocation from one end of the third chromosome to the fourth 
chromosome is observed cytologically, it is found that only those 
genes are involved which were believed from genetical work to be 
located in that region. Larger translocations have progressively 
greater numbers of genes. Incidentally the translocation to the 
fourth chromosome will change the linkage relationships by bringing 
the genes of the fourth chromosome and those in the translocation 
into one linkage group. A cytological map may be formed by 
noting the size of the translocation and the particular genes con¬ 
tained in it. Comparison therefore can be made between the 
genetical linkage maps from diploid and triploid data, and the 
cytological maps from mitotic chromosomes in Drosophila (see 
Fig. 22). 

Salivary gland chromosomes. A further important means of 
analysis is afforded by the examination of the salivary-gland 
chromosomes (polytene chromosomes). The cells of the salivary 
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glands of various larvae of the Diptera , Hymenopiem , and Neuroptera 
are greatly enlarged and contain chromosome structures which 
are enormously enlarged (150 times the length; 400-1,000 times 
the volume of normal mitotic chromosomes) (Metz and Lawrence, 
(1937), Metz (1935)). The nature of the structures is a matter of 
theory (see Bauer (1936), Heitz (1933), Koltzoff (1934), Muller and 
Prokovieva (1935)), but the characteristic appearance of bands or 
discs separated by achromatic material is of great value to the 
geneticist (Bridges (1935, 1938), Painter (1935), Koller (1934)). 
Each part of the chromosome of Drosophila species has a 
characteristic number and position of the bands and therefore may 
be recognised (Bridges, 1938). Further, close pairing of homologous 
parts of the chromosomes takes place so that any differences 
between the chromosomes may be detected. Again, the centromere 
region is characterised by a less organised material (heterochromatin) 
—the so-called “ inert region/' 

Several characteristics of this region have genetical importance. 

(1) The heterochromatin is of two types a and heterochromatin 
(Heitz, 1933). 

(2) /? Heterochromatin at least contains genes rather widely 
spaced. The Y-chromosome once believed to be devoid of genes 
has j8-heterochromatin in a position corresponding to that of the 
X-chromosome (Muller and Gershenson, 1935). 

(3) Breaks occur in the ^-heterochromatin much more frequently 
than in the rest of the chromosome (Muller and Gershenson, 1935). 

(4) Few gene mutations occur in j8 heterochromatin. 

The heterochromatin of otherwise non-homologous chromosomes 
appears to be homologous. In the “ chromocentre ” all the 
“ inert ” regions of the X, II, III, and IV amalgamate (Prokovieva- 
Belgovskaya, 1935). Thus there is support for the genetical 
surmise (Sansome, 1933) that the centromere regions of non- 
homologous chromosomes are similar and homologous. Pairing at 
zygotene and chiasma formation may be initiated by this close 
association of the centromere regions (Painter, 1935). 

The analysis of salivary gland chromosomes enables one 
(1) to identify the parts of a chromosome involved in any 
chromosome rearrangement (Koller (1936), Tan (1935), Griineberg 
(1937) ) : (2) to detect deficiencies and duplications of small size 
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and to show that small duplications are of great importance in 
speciation (Bridges (1935), Muller (1935)): (3) to compare the 
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chromosome of Drosophila species (see Dobzhansky, 1938) : (4) to 
obtain an accurate map of the location of genes on the chromosome. 

Chromosome Maps. Fig. 22 compares the genetical maps 
from diploid and from mutation data and the cytological 
maps from normal mitosis and from salivary glands of genes 
in Drosophila melanogaster . Several striking and important 
differences are observed between them. In the genetical link¬ 
age maps the distances between the genes near the centromere 
are shortened while those in distal regions are slightly lengthened 
as compared with the cytological maps; in regions near the 
centromere crossing-over per unit cytological distance is much 
less than it is in distal regions. The triploid genetical map is 
intermediate in this respect between the diploid genetical and the 
cytological maps. The salivary gland chromosomes show that 
inert regions are localised round each of the centromeres. The 
different sizes of the inert regions considerably influence segregation. 
Beadle has shown that if the right limb of chromosome III at curled 
is broken and translocated to the small IV chromosome, then 
crossing-over in the region cu-sr is much reduced as compared with 
normal. In other words, by placing the centromere (in the III-IV 
translocation) closer to cu-sr than in normal chromosomes, the 
crossing-over is reduced. The inert region of the X-chromosome 
occupies at least half of the normal mitotic chromosome, 
whereas the inert regions of the II, III, and IV are much smaller, 
although of appreciable size. Griineberg (1937) has shown that 
there are at least 5 cross-over units between bobbed (bb), known 
to be in the inert region and the centromere on the X chromo¬ 
some. Breaks as a result of X-rays are more frequent in the 
inert region, possibly because the chromosome is less coiled in this 
region (see Muller and Gershenson (1935). Painter (1935) )• 

It is necessary to point out that crossing-over occurs at prophase 
of meiosis while the cytological maps are from mitotic and polytene 
chromosomes. The possible occurrence of differential stretching 
and condensation of the chromosome may somewhat distort the 
relationships, between the maps. Schweitzer has constructed 
“ leptotene ” maps of Drosophila melanogaster by placing each 
gene on the map by the percentage of genes which are found to the 
left and right of its locus. " Cut,” for example, is placed at 
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50 since half the genes of the A r -chromosome lie on its right and 
half on its left. These leptotene maps approach the “ cytological ” 
maps given in Fig. 22, but Schweitzer’s more accurate figures 
should be used in research work. The important woxk of Muller 
and Prokovieva-Belgovskaya, Painter and his workers in identi¬ 
fying changes in particular bands of the salivary chromosomes 

with gene changes should be noted. 

The effect of translocation upon crossing-over in the broken 
chromosome is of importance. It is found that when a breakage 
occurs to the right of the factor for purple on the second chromosome 
the crossing-over in all regions to the right is decreased, but to the 
left it is normal. Similarly, if the breakage occurs to the left of 
purple the crossing-over in all regions to the left is decreased, while 
to the right of purple the cross-over values are equal to or slightly 
above normal. The same phenomenon is observed in the third 
chromosome. The factor scarlet in the latter case is nearest the 
point at which the change in the cross-over value due to the effect 
of translocation takes place. The factor purple and the factor 
scarlet are situated near the centromere in the second and third 
chromosomes respectively. The following table by Dobzhansky 
(1929a) illustrates the abrupt change in cross-over values as 
compared with normal in the different translocations. Transloca¬ 
tions a, b and c involve one side of the third chromosome, while c 
and d involve the other arm. 

A reasonable explanation of this phenomenon may be put forward 
in terms of the chiasmatype theory. If homologous chromomeres 
pair, one expects that the whole chromosomes will only pair normally 
if the linear arrangement of these homologous chromomeres is the 
same in both chromosomes. This order will be upset by transloca¬ 
tion, inverson or duplication, and both the part affected and 
neighbouring portions of the chromosome will behave abnormally. 
Hence chiasma formation and crossing-over will be influenced 
greatly by the presence of non-homologous segments in apposition 
to one another on the pairing chromosomes. 

Dobzhansky (1931a) arrives at a very similar conclusion from 
genetical lines of approach. 

Dobzhansky (1932, 1933, 1934) and other Drosophila workers 
have genetically investigated the relations of pairing, crossing-over 
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Table 16 

The Standard Values of crossing-over between the Genes of the third 
Chromosome , and the differences between Standard Values and 
Values observed in the Strains carrying Translocations , 

(Dobzhansky, 1929#) 


Intervals. 

Standard 

Values. 

Translocation Strains. 

a. 

b. 

C. 

d. 

e. 

ru—h 

23-8 

- 6*6 

— 2*6 

-f~ 3 *r 

-f- 5*2 

“ 4*3 

h—D 

13-6 

— io*7 

“77 

+ i-8 

4 * i *3 

— 2*0 

D—th 

I-I 

- o *9 

-o *9 

+ 0-4 

0*0 

+ 0*1 

th—st 

o-8 

- o*6 

“ 0*5 

+ 0*1 

+ 0*1 

“°*3 

st — cu 

8-i 


- 3'4 

~ 3*6 

— 2*2 

“ 3 *° 

cu — sr 

T 5*4 

-f* 1*2 

+ 1-7 

-117 

— 2*8 

+ o *3 

sr — e s 

10*3 

+ 1*4 

+0-3 

- 2*8 

- **4 

+ i *3 

e s — ca 

3 1 * 0 

0*0 

+ 0-X 

— 2*1 

— ii*8 

0*0 


and non-disjunction of chromosomes. They show that (1) chromo¬ 
somes will pair in twos and cross-over if the linear arrangement of 
homologous parts are the same; (2) the presence of chromosome 
inversions, duplications, and translocations will interfere with 
pairing in their neighbourhood and the following crossing-over 
will be reduced ; (3) non-disjunction of chromosomes is negatively 
correlated with crossing-over, i.e., the formation of a chiasma 
implying previous pairing induces regular disjunction, whereas the 
absence of a chiasma allows random distribution of chromosomes 
(formation of univalents) at meiotic metaphase (see p. 15). 

Variation in Crossing-over. Variation in cross-over values is of 
common occurrence. A difference of 2 to 3% in crossing-over is 
often observable between the male and female sides of one plant 
(Pisum, Zea , Primula sinensis). The genes S, B, G, L, in Primula 
sinensis show a curious phenomenon. Although these genes are on 
one chromosome, the cross-over value between S and B is lower on 
the male side than on the female side, while the reverse is the case 
between G and L. The centromere is shown to be near S and B 
(de Winton and Haldane, 1935). The genes V, St, and B in Pisum 
sativum show a similar behaviour (de Winton, 1928). Differences in 
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crossing-over values are often found between different cultures of a 
species (Zea, Collins (1924) Stadler (1926) ; PharUUs Nil , Imai 
(1929); Papaver Rhoeas, Philp (1933) )• 

Changes in linkage values may be due to (1) genetic, (2) structural, 
or (3) environmental causes. The genetic constitution of the male 
Drosophila melanogaster very considerably reduces crossing-over in 
this sex (Philip (1935), Friesen (1934) )• Chino and Kikkiwa (1933) 
found that the X-chromosomes and autosomes in D. virilis and 
D. melanogaster show similar size relationships, but that in 1 ), virilis 
the X-chromosome has 182 cross-over units, and in D. melanogaster 
it has 66. There is greater crossing-over per unit length in one 
species as compared with another. This point should always be 
remembered in analysing crossing-over phenomena, even in one 
species. Beadle (1931, 1932, 1933) reports several cases of genes 
affecting meiotic behaviour. The crossing-over values are not 
greatly reduced although chiasma formation is much reduced. 
This arises from the fact that viable gametes are restricted mainly 
to those which arise from normal bivalent formation, which imply 
previous chiasma-formation. 

Environmental influences, such as temperature, age of parent, are 
known to influence crossing-over in Drosophila . Lathyrus among 
plants exhibits seasonal variation in crossing-over, while crossing- 
over in Lycopersicum esculentum is slightly lower in Great Britain 
than in America (e.g. t d-p 3-2% as compared with 5*7% T- 1%). 
Nitrogen supply affects crossing-over in XJstilago Kolleri (Dickenson, 

It has recently been found that high temperatures (31 0 C.) or 
rontgen radiation induces crossing-over in the male Drosophila 
melanogaster , especially near the centromeres in Chromosomes II 
and III (Friesen (1934), Philip (1935) et al). This discovery has 
several important implications in relation to cytological data, 
genotypical control and environmental influences (see Darlington 
( I 937 )> p. 370 ). Crossing-over in this case may not occur at the 
normal stage of sperm-formation. 

Structural differences such as inversions or translocations may 
partially or totally inhibit crossing-over in the arm of the chromo¬ 
some where they occur. This may be usefully applied in breeding 
Drosophila melanogaster . After synthesising a race containing 
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several genes in the left arm of the Ill-chromosome of Drosophila , 
the constitution may be retained by introducing an inversion (cross¬ 
over reducer) on the homologous chromosome. 

The phenomenon of crossing-over is a central part of modern 
genetics. On the one hand it is dependent on chromosome 
behaviour which is controlled by diverse influences and on the other 
hand crossing-over influences segregation, not only in regard to 
linkage in the diploid, but with greater effect in polyploids and 
structural hybrids. A review of recent work on crossing-over is 
given by Mather (1938) and Eloff (1932), while Dobzhansky (1937) 
gives a clear account of the phenomenon in Drosophila . 
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THE CONSTITUTION OF THE GENE 

Presence and Absence Theory—Mutable Genes—Somatic Crossing-over— 
Mosaicism — Position Effect — Step Allelomorphism — Size of the Gene — 
Effects of X-rays—Dominance. 

Presence and Absence Hypothesis. Mendel supposed that there 
was one factor for each of the characters that he studied and that 
each allelomorph was a distinct entity. He made no attempt to 
discover the relationship between two allelomorphs. Mendelian 
workers soon turned their attention to the elucidation of the nature 
of the factor and the relationship of the allelomorphs. 

One of the first theories suggested was the presence and absence 
theory of Bateson and Punnett (Bateson, 1930). At the first 
enunciation, it was supposed that an organism which exhibited a 
dominant character possessed a factor which was absent in the 
organism exhibiting the recessive and alternative character. 

Later it was found that more than one factor could be 
allelomorphic to a dominant factor. For example, there is a 
multiple allelomorphic series controlling the size of the eye of the 
flower of Primula sinensis. There are three factors all allelomorphic 
to one another. The factor Q for normal eye is dominant to a factor 
q for large eye, called Primrose Queen, after the variety in which it 
appeared, and both Q and q are recessive to a factor for no eye 
(Queen Alexandra). When Primrose Queen (qq) is crossed to 
normal-eyed plants, the F 2 segregates into 3 normal: x Primrose 
Queen in respect to eye type. The cross, Queen Alexandra X 
Primrose Queen, segregates in the F 2 in the ratio x Queen Alexandra: 
2 with intermediate eyes similar to the F x (Q : q): x Primrose Queen. 
There is no appearance of normal eyes as would be expected if 
normal were in a different locus. The third cross, normal X Queen 
Alexandra, segregates in the ratio 1 Queen Alexandra: 2 inter¬ 
mediate eyes Q t Q: 1 normal with no Primrose Queen eyes appearing. 

Johannsen (1923) and Morgan (1919) suggested that the theory of 
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presence and absence was upset by the occurrence of more than two 
allelomorphs at one locus. Morgan pointed out in his argument 
that there could not be two absences corresponding to one presence. 
As Bateson (1926) states, however, this assumes that the recessive 
contains no factor at all to correspond with the presence of one in 
the dominant, whereas it is more probable that only a part of the 
dominant factor is absent in the recessive factor. 

In the example quoted above, if A z represents the top dominant 
of the series (Queen Alexandra eye) which acts as an inhibitor of the 
eye, normal eye could be mathematically represented as A x — | 
and Primrose Queen as A x — §•. The figures are purely hypo¬ 
thetical and are obtained from the relative expression of the factors 
A x , A and a. It is not known if expression is a linear function of 
factor content. 

Several allelomorphic series, such as that which governs the 
structure of the flower in Antirrhinum majus, or the eye-colour and 
wing shape in Drosophila melanogaster , might well be composed of 
factors which are similar in kind but different in quantity. 

The presence and absence theory thus assumes a quantitative 
difference between the dominant and recessive allelomorphs. It 
will be seen later that several recent theories of the nature of the gene 
are similar in some respects. It seems necessary to assume that 
there is also a qualitative difference between the dominant and 
recessive factors. 

P. Hertwig (1926) studied the “def.” series of multiple allelomorphs 
of Antirrhinum. “ Def.” is normal, def. chi. (chlorantha, Schick and 
Kuckuck) has light green flowers with under-developed upper and 
lower corolla lips, def. nic. (nicotianoides, Schick and Kuckuck) has 
a very short corolla and petaloid stamens while the extreme def. gli. 
(globifera, Schick and Kuckuck) has much reduced floral parts and 
deformed gynoecium with sometimes as many as six styles. 

The series in order of dominance is, normal-chlorantha- 
nicotianoides-globifera, with normal completely dominant over all 
the others. The heterozygote chlor.-nic. is similar to chlorantha, 
but can be distinguished from it. Chlor.-gli. is intermediate between 
chlorantha and globifera, while nic.-gli. is closer to nicotianoides than 
to globifera. In this series, both dominance of one factor over 
another with respect to the principal character expression and the 
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graded increase in abnormality, as we pass down the series, might 
well be obtained from a quantitative difference between the factors. 

Agol (1931) has pointed out that the series of factors controlling 
wing shape in Drosophila melanogaster, namely, normal, nick, 
antlered, strap and vestigial, might also be regarded as differing from 
one another on a quantitative basis. Here the homozygous nick and 
normal flies cannot be distinguished phenotypically, but normal is 
completely dominant to vestigial, whereas nick is not. Therefore 
the heterozygous forms (+ v) and (nick-vestigial) are distinguishable. 

Among other series of multiple allelomorphs which show a graded 
difference in expression of characters is the triple allelomorphic 
series Gr, G, g in Phaseolus (Emerson, 1909 and Tjebbcs, 1931). 
Here the recessive factor g gives plants with yellow pods and 
foliage, the top dominant Gr gives green pods and foliage, while the 
intermediate factor G gives yellow pods and green foliage. Again 
there are four factors in a multiple allelomorphic series which control 
the distribution of pigment in the seed coat of the Soya bean (Owen 
(19286) and Nagai and Saito (1924)). 

Whether multiple allelomorphic series of factors in other plants 
exhibit quantitative differences in expression is as yet difficult to 
determine. The character which is influenced by the allelomorphic 
series may be one of a structural or physiological nature. Until the 
train of actions between the factor, as origin, and the character 
expression, as product, is more fully known, it is unwise to speculate 
as to the differences between the nature of the factors on the basis of 
differences between the expressions of two factors. 

Imai (1931a,6) enumerates seven different series of multiple 
allelomorphs in Pharbitis Nil. The factors in each series are 
arranged below in the order of dominance. 

(1) Normal, maple, willow (shape of cotyledon and leaf, split 

flower). 

(2) Normal, smeary, faded (flower pattern). 

(3) Normal, contracted, star (contraction of organs, flower shape). 

(4) Normal, yellow inconstant, yellow (foliage colour). 

(5) Normal, crepe, reversed (constitution of leaf). 

(6) Margin reduced, normal, margin slight (margin of corolla). 

(7) Normal, feathered, creased (crumpling of leaf and feathering 

of corolla). 
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In Pisum sativum Tedin (1925) indicates that in the presence of 
A, a factor for flower colour, leaf axil spot, is controlled by three 
factors, Dw, D and d. DwA gives a double ring, DA a single ring, 
and dA and all D factors with a give no ring of colour in the leaf axil. 

Both in maize and Drosophila multiple allelomorphic series with 
many members are known. Emerson (1914, 1917, 1918, 1921 h), in 
maize, for example, found that the factor R, which is one of the 
complementary factors for plant, pericarp, and aleurone colours, was 


Table 17 
Anderson (1924) 


Factors. 

Pericarp colour. 

Cob colour. 

RR 

red 

red 

OR 

light red to orange 

red to orange 

WR 

white to pale orange 

red 

ow 

light orange 

white 

cw 

red or orange, white capped 

white 

CR 

red or orange, white capped 

red 

ww 

white 

white 

vv 

variegated 

variegated 

MO 

variegated, crown patch 

light to white 


a member of the multiple allelomorphic series R r , R g , r r , r g , r ch , r rg 
(see p. 78), and also that the factors B, B w and b, which modify 
the expression of certain plant colours such as sun-red formed 
another series. 

Emerson (1917) studied several pericarp colours in maize and 
found that each depended on a factor which was not inherited 
independently, but which showed complete linkage. These were 
further studied by Anderson and Emerson (1923) and Anderson 
(1924), who found that they formed a multiple allelomorphic series. 
Table 17 illustrates the phenotypic effect of the factors. Anderson 
found that any factor which determined colour was dominant to 
factors which determined colourless pericarp, and those which gave 
darker colours were dominant to those determining lighter colours. 
Red and variegated were completely dominant to white, but P Qr . 
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P P and P gave intermediate colours when combined with 
white, although the distribution of colour was similar to that m the 
coloured parent. 

Anderson points out that many more factors in this series can be 
isolated, since subdivisions of each colour class can be made. 
Emerson had shown that variegated W could be divided into light, 
medium and heavy variegation, while Hayes (1917) showed a similar 
series for mosaic. These mutable types are unique in that they can 
quickly produce a completely graded series of multiple allelomorphs. 

Emerson (1914,1917) suggested that variegated pericarp in maize 
was due to mutations in the pericarp colour factor during the course 
of the plant's ontogeny, and found that changes from variegated V 
to self-colour S were reversible, but with different frequencies. He 
also showed that only one of the factors mutated at a given time in 
homozygous material. In heterozygous material, where colourless 
pericarp was present along with either V or S, the colourless pericarp 
factor did not mutate. 

Eyster (19244J, 1925) studied plants which contained the factors 
ow and ww, i.e., they were heterozygous for orange pericarp—white 
cob, and white pericarp—white cob (note here that it is preferable to 
designate the factors thus since they have not been definitely proved 
to be members of the above allelomorphic series of P factors, 
although there is a strong presumption that this is the case). A 
complete range of colours from colourless to cherry-red pericarps 
was found on plants of the constitution (ow ww). Mutations from 
orange pericarp to red and to white with the consequent variegated 
patterns were therefore observable. If seeds with a light coloured 
pericarp were planted, the resultant progeny still consisted of a 
range from the lightest to the darkest colours. In all cases, 
however, the mode of the colours of the ears of the progeny 
approached that of the parent ear. It was found that orange seeds 
taken from an ear having both orange and red seeds produced 
plants with various shades of orange pericarp while the red seeds 
gave plants with red ears. The orange pericarp colour persists until 
late in the development and then may break up into the components 
red and white. This change is the most frequent (13 per 1,000 
seeds), while the change from orange to red takes place less 
frequently (10 in 1,000). Those with heavy variegations (where 
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the colours are intense and in large patches) are unstable and give 
rise to light variegations (8 in 1,000). 

The variegated colour forms which resulted from the breaking up 
of the orange pericarp into the constituents red and white were all 
heritable. As in those seeds with orange pericarp each colour form 
tended to reproduce itself, the mode of the colour range of the 
progeny from a particular ear corresponding with the type of 
variegation of that ear. Mosaic pattern, another of the factors in 
this P series, was also found to behave in a similar manner. Mosaic 
pattern results from the juxtaposition of red and white tissue in the 
pericarp. 

Another range of colours, including variegations, in Verbena, was 
reported by Eyster (1928). This formed an orthogenetic series 
similar to that of orange pericarp—colourless in maize. Here, how¬ 
ever, dilute colour was dominant over more intense colour. The 
various series were thought by Eyster to have had a quantitative 
basis for their variation. 

Mutable Genes. Among the factors which are members of a 
multiple allelomorphic series, there are several which mutate with a 
definite frequency to another member of the series, or to a state, 
which is distinguishable from that of another allelomorph. 
Generally, the mutation is in the direction of the wild type 
allelomorph, which is commonly, but not always, the top dominant 
of the series. Such mutable genes have been found in maize and 
Verbena and in 

Antirrhinum, Baur (1924), Hertwig (1926). 

Dahlia variabilis, Lawrence and Scott-Moncrieff (1935). 

Delphinium ajacis, Demerec (1928). 

Primula sinensis, de Winton and Haldane (1933). 

Pharbitis Nil, Imai (1931a,b). 

Drosophila virilis, Demerec (1927, 1928, 1931). 

Drosophila melanogaster, Patterson (1930) (see Stern, 1936). 

Three cases in Drosophila virilis and two in Delphinium have 
been more intensively studied by Demerec (1927, 1928, 1931) in 
order to discover the nature of mutable genes. He suggests that 
gene mutation is more in the nature of a chemical change than of a 
reassortment of physical particles. 
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Numerous other examples of genic mutability such as the flaking 
gene of Primula sinensis , yellow inconstant (Imai, 1929), cream 
(Imai, 1929) and flecked (Imai, iQ3Ta,b) in Pharbitis Nil agree in 
that the mutability rate does not vary greatly from one generation 
to another and that the mutation is from the recessive to the 
normal dominant type. The mutation rate is low, ranging 
from about 0-2% in P. sinensis flake to 37% in flecked Pharbitis 
Nil. 

In several cases these mutable genes have stable allelomorphs 
whose effects cannot be distinguished phenotypically from those of 
the unstable genes. Examples of such genes are reddish, miniature 
and magenta in Drosophila virilis, yellow constant in Pharbitis and 
two peculiar cases reported by Imai in Plantago and Celosia . In 
these two latter examples, an unstable normal type mutates to 
the aberrant recessive, while another normal type does not 
mutate. 

It has been found on treatment with X-rays that certain loci of 
D. melanogaster give more visible mutants than others (Muller (1928) 
and Patterson (1929, etc.). These loci, such as scute, forked, 
and eye colour, exhibit several allelomorphs. It would appear that 
certain loci have more mutable genes than others at a given stage in 
the life history of the organism. 

Sax (1931) drew attention to the fact that parts of the X-chromo- 
some of D. melanogaster which show increased crossing-over per 
unit distance contain more gene mutations than other portions. 
Bridges (1937) has shown that there is no correlation between 
crossing-over and mutation rate at the right end of the II chromo¬ 
some (cf. Schweitzer, 1935). These workers are considering visible 
mutations which Demerec (1937) has shown to be generally distinct 
in origin from lethal mutations, which, to a very large extent, arc 
deficiencies or are associated with structural changes. Elsewhere 
we will show that phenomena previously attributed to gene 
mutation often result from somatic crossing-over, or structural 
abnormalities. Therefore attempts to understand the nature of 
the gene from the character expression must be viewed with 
scepticism. 

Rhoades (1938) has shown that a mutates to A and a* in Maize 
in the presence of Dt ; but is stable in the presence of dt. These genes 
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are not linked. He therefore concludes that there does not appear 
to be any fundamental difference between mutable and stable 
genes. 

In Delphinium ajacis , rose-a, which is a factor for flower colour, 
mutates frequently to its purple wild type allelomorph. From seed 
of a selfed rose-oc parent, variegated plants are obtained, in addition 
to a few purple and a few rose variegated and purple chimserical 
plants. 

Purple plants arise through the reversion of rose-oc to purple in 
the germ cells. Chimaerical rose purple plants are the result of 
somatic reversion which has occurred early in ontogeny. It is 
noticeable that when a purple spot occurs on a rose-oc plant it consists 
of one or more purple cells, surrounded by distinctly lighter purple 
cells. This may be due to diffusion of the pigment from the 
mutated cells. The stock had been started with one heterozygous 
plant with the lilac and rose-a genes as the allelomorphs. Since only 
rose-oc mutates, Demerec in his study virtually followed the 
descendants of one rose-a gene. From such a plant the number of 
mutations of the rose-a gene to purple was about 1,182 per 100 sq. 
cm. of somatic tissue. Demerec showed that the mutation rate was 
the same in gametogenesis and somatogenesis and remained 
constant through four sexual generations. 

Lavender-a mutates to purple in a strikingly different manner. 
It has a high rate to mutation in the early stages of development of 
the plant and is stable, or shows little mutability, in the early stages 
of petal and sepal formation, with a return to high mutability in the 
last stages of development. 

Since the mutant cells and tissue are well defined from the 
original tissue, both in Delphinium and Zea , and in various mosaics 
produced by Muller (1930&) in Drosophila by means of X-rays, 
it was considered probable that the gene does not consist of more 
than one or two separable parts. In Delphinium , Demerec finds 
that the rate of mutation of rose-a is the same in the cells early and 
late in ontogeny. This indicates that the time of mutation is 
limited to a definite period of mitosis which is not interkinesis. If 
mutation occurred before the division of the gene, at least two cells 
with the mutated character would always be produced. The fact 
that, onc-celled mutations were found at the rate expected, according 
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to the laws of chance, indicates that the mutation occurred at or 
after the gene had divided into two. 

Hertwig (1926) finds in Antirrhinum that glohifera mutates back 
to normal. It can do so either in the somatic or germ cell tissue, 
and either in homozygous or heterozygous material. Combination of 
globifem with any of the other allelomorphs normal, chlorantha, 
nicotianoides , indicates that certain arrangements increase the rate 
of mutability of globifera. Table 18 illustrates the segregation of 
various combinations. 


Table 18 


Mutability in Hybrids of the “ def.” Series of Factors in 
Antirrhinum majus [after Hertwig , 1926) 
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SOMATIC CROSSING-OVER 

Stern (1936). has provided strong evidence that some forms of 
mosaicism, variegation and phenomena attributed to unstable genes 
are due to crossing-over in the somatic tissue. A group of non- 
aUelomorphic genes, the Minutes, behave as dominants in reducing 
bristle size, retarding development and roughening the eyes of 
D. melanogaster. Many of these are deficiencies (Schultz, 1929). In 
their presence, flies, heterozygous for other genes, have a tendency to 
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exhibit a greater number of spots of the recessive phenotypes on the 
body. Normal flies have 4*6-20% of spots on the abdomen, whereas 
Minute flies exhibit 8-36*6% spotting. Many and varied experi- 



Fig. 23. Somatic crossing-over. 


merits were made by Stern to investigate the phenomena. He found 

that from flies of the constitution y , two spots were y, two 

sn 3 singed 

spots were sn 3 singed, and n spots were twin spots where a yellow, 
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not singed area, and a singed, not yellow area were adjacent to one 
another. In a larger experiment I24y : 234sn 3 and 147 ysn 3 spots 
were found in 1,776 individuals. Segregation therefore had 

occurred in the somatic tissue. When the constitution was — 

+ 

the number of spots was no ysn 3 , 7 sn 3 , 43 y in 1,407 individuals. 
The production of ysn 3 spots in the first experiment and y and sn 3 
in the second simulate the effect of crossing-over. Further evidence 
confirmed the assumption of somatic crossing-over and indicated 
some of the conditions. It was found :— 

(1) That near the centromere the separation was always equational 

(contrast meiotic crossing-over). 

(2) That crossing-over takes place in the four strand stage and 

involves two of the four chromatids. 

(3) That the frequency of somatic crossing-over is greater near 

the centromere regions than elsewhere (A r and III). 

(4) That somatic crossing-over occurs in both males and 

females. 

(5) That the position of somatic crossing-over appears to be 

influenced by the position of the Minute gene. X-Chromo- 
some Minutes increase crossing-over in the X chromosome 
especially near the centromere and autosomal Minutes and 
increase crossing-over in the arm of the chromosome where 
they are situated. 

(6) That the Y chromosome may cross over with the A". 

(7) That the four chromatids taking part in somatic crossing-over 

are separated in the normal mitotic manner. 

The genetical data show that the chromatids at mitosis behave 
as a unit, and they cannot, therefore, provide evidence for or against 
the alleged quadripartite structure of the mitotic chromosome. 

Evidence for (2) is provided by such facts as y spots from ~ 

individuals are not accompanied by sn 3 spots as they would be from 
two-strand crossing-over y -f and sn 3 -j~. In four strand crossing- 
over the result after crossing-over can be (a) ysn 3 * (b) +sn 3 * (c) y+ * 
(d) ++. With equational separation (a) and ( b ) go to opposite poles 
to one another and (c) and (d) go to opposite poles, therefore the two 
daughter cells contain either (ac) and (bd) or (ad) and (be). Hence 
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the products will be either ysn 3 , y+ and sn 3 -f, -f-j- or ysn 3 , + -f 
and y +, sn 3 . Analysis shows that the first of these alternatives 
in this example gives a separate y spot (ysn 3 y-f). sn 3 spots would 
result from crossing-over nearer the centromere. The fact that no 
triple adjacent spots of ysn 3 , y, and sn 3 occurred indicates that a 
reduction division has not taken place. Obviously the genetical 
evidence indicates that if chiasmata are formed by crossing-over 
they do not remain on the chromosome until metaphase, but each 
chromosome splits independently of its homologe. 

Mosaicism in Maize. The fruit of maize exhibits mosaicism for 
several characters controlled by genes; A and C basic genes for 
colour, wx a gene for starchy endosperm, sh shrunken endosperm, 
Pr purple aleurone, su sugary endosperm and P pericarp colour. 
Emerson (1921-24), Stadler (1930), McClintock (1932), Jones (1935, 
1936) have investigated the phenomena and shown that linkage of 
the genes was reflected in the characters of the spots of different 
phenotypes. Thus the cross cwxsh x CWxSh normally gives 
CccWxwxwxShshsh endosperm, completely dominant for colour, 
starchy, and normal endosperm. C sh and wx are all on chromosome 
9. Emerson (1924a) found that out of 127 fruits which showed a 
change to the recessive character of one of these genes, 121 showed 
a change to the recessive in the remaining characters. Thus a 
white aleurone area due to c was accompanied by wx and sh 
endosperm. On the other hand of 41' mosaic CSu fruits, 14 had 
Csu spots and 27 had Su accompanied by one or more of cwx and 
sh, Su and C are on different chromosomes and therefore as 
expected no correlation between c and su in the mosaic spots is 
found. 

Stadler (1930), continuing this type of experiment, finds that in 
normal material the frequency of endosperm chimasras varies from 
2/1,000 seeds for the chromosome carrying Su to 9/1,000 for the 
chromosome carrying A, while the evidence from the Cwxsh chromo¬ 
some indicates that often only a part of the chromosome has fallen 
out or is deficient. X-raying of Cwxsh pollen causes in some cases 
a greater or smaller part of the chromosome to drop out. It is 
interesting that mature pollen carrying A, when irradiated, some¬ 
times gives rise to deficiency in the endosperm or the zygote 
independently. This is expected from the fact that one pollen 
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nucleus fertilises the ovum while the other fuses with the fusion 
nucleus of the embryo-sac. If, however, the pollen is X-rayed 
earlier, the pollen nucleus has not divided, and it is found 
that deficiencies in the zygote and endosperm are absolutely 
correlated. 

Stadler also found that the deficient area in endosperms sometimes 
gave rise to “ recovered ” cells. Five seeds out of 2,374 resulting 
from ARCwxpr x X-rayed ARCWxPr were colourless waxy (cwx) 
except for small spots which were coloured and non-waxy (CWx). 
This recovery of a deficient area also occurred in the plant with 
regard to the A carrying chromosome. “ Recovery ” is not more 
frequent per cell in X-rayed than in untreated material, but since 
more deficiencies are produced by X-raying, more recoveries arc 
obtained. The author gives evidence that the recovered areas arc 
not direct cell descendants of normal areas but have resulted from 
deficient areas. Randolph has shown that deficient areas in the 
endosperm resulting from X-raying of pollen or of embryos com¬ 
monly involve the absence of a cytologically detectable chromosome 
fragment. Stadler puts forward evidence that the X-raying of the 
pollen either makes the Cwxsh fragment of the chromosome drop out 
or become inactive and recovery is due to the re-establishment of 
normality. He suggests that the chromosome part becomes 
inactive and is transmitted without true mitotic division to cell 
descendants. Recovery, he imagines, will accompany the 
resumption of full mitotic division by the fragment. 

Jones (1935,1936) suggests that deletions, as found by McClintock 
(1932), non-disjunction in mitosis, reciprocal translocation, gene 
mutation and somatic crossing-over (see above) are all involved in 
the production of mosaic areas in maize fruits. He finds that twin 
spots involving C, Sh or wx can be formed. For example, in the 
lightly coloured endosperms of the constitution Ccc there are 
neighbouring spots which are darker in colour and without colour. 
A “ shift ” of the C gene has taken place to give presumably CCc and 
ccc constitutions in these spots. These twin spots indicate that 
deletion or mutation are not the cause., On the other hand 

recovery (see above), or the appearance of recessive characters 
in homozygous dominant tissue perhaps cannot be explained by 
somatic crossing-over alone. Within the twin spot may be found 
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a secondary twin spotting, thus in the darker area of the primary 
spot CCc there may be found a colourless and darker spot as a 
secondary change. Wx may or may not change with C, but 
apparently if one gene is changed at the first change, other genes will 
be lost, probably at a higher frequency than normal. Paired spots 
involving C-Pr, Pr-Su, Su-Wx together have been observed after 
X-rays; it is believed that reciprocal translocations involving the 
chromosomes bearing these genes have occurred. 

There is a possibility that these data will be largely explained by 
somatic crossing-over either between non-homologous or homologous 
chromosomes followed by position effect phenomena. 

Position Effect. The Bar locus on the X-chromosome of 
D. melanogastey is associated with the number of ommatidia or 
facets of the compound eye. The size of the facet remains the same 
but the number of facets varies from about 740 facets in a wild type 
fly, 325 facets in a Bar-eye fly, to about 26 facets in a double-Bar 
fly. Mutations from Bar to normal and Bar to double-Bar (ultra- 
Bar) may take place occasionally (Zeleny (1920), Thompson (1931)). 
Sturtevant (1925, 1928) made a clever analysis of the phenomena. 
He showed that any reversion of Bar to double-Bar or to 
normal eye was accompanied by crossing-over between forked 
(f) and fused (fu) which lie on either side of the Bar locus. He 
suggested that the reversion of Bar to double-Bar or to normal eye 
was due to unequal crossing over at the Bar locus. From an 


individual unequal crossing-over would produce fBB, fu, f and 

BBfu. Thus both double-Bar BB and normal flies O would be 
produced and accompanied by crossing-over between f and fu. 


Individuals of the constitution 


fBB x fu 


(B x is infra-Bar an allelomorph 


of B) were found to give rise to fB and B x fu individuals. As 
expected, if crossing-over takes place between B and B-l the products 
retain the linear order fBB^u. Other stocks of the constitution 
fBjBfu gave fB x and Bfu progeny. If crossing-over takes place 
between chromatids derived from one chromosome there should be 
many more mutations of B which are not accompanied by detectable 
crossing-over. Since these do not occur, we may infer that, sister 
strand crossing-over does not occur. 
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L. V. Morgan (1931) was able to show that double-Bar and normal 
could arise as complementary products of one event of crossing-over. 
A stock carrying two A’-chromosomes attached together and each 
carrying B gave rise to a double -Bar female. It is expected that one 
chromosome would be BB and the other 0 in constitution in respect 
of the Bar locus. If so this BB/O female should give rise to about 
5% normal-eyed daughters, since 5-1% homozygosis of forked is 
expected (see p. 100). If, however, the female was BB/B (not 
expected on the hypothesis) then no normal-eyed progeny is 
expected. When the female was mated to a normal-eyed male, 
three out of 53 individuals in the F x and 6 out of 102 individuals in 
the F 2 were normal-eyed. This proportion of normal-eyed progeny 
is too large to be accounted for by mutation and is that to be 
expected from homozygosis. 

Thompson (1931) also reports two further cases of complementary 
products, double-Bar and normal from Bar-eyed flies. 

The most striking conclusion is therefore that the difference 
between homozygous Bar and double-Bar is not genic but positional. 
On separate chromosomes two B genes give the phenotype Bar, but 
placed side by side on one chromosome, the phenotype is double-Bar. 
The exact relationship of normal to Bar was formerly a matter of 
discussion : normal could be a definite wild type gene or an absence. 
Muller and Prokovieva-Belgovskaya and Kossikov (1936), and 
Bridges (1936) have, however, shown that normal-eyed individuals 
have two bands in the salivary gland chromosomes at the Bar locus, 
while Bar-eyed individuals have four bands— i.e. } Bar results from 
a small duplication. Normal is therefore not a deficiency, and 
unequal crossing-over probably results from asymmetrical synapsis 
in the Bar-carrying chromosome. 

It should be noted that infra-Bar, super-Bar, baroid, moderate 
Bar x and moderate Bar 2 are other characters associated with the 
Bar locus. In all cases, except perhaps infra-Bar, the mutations 
have been accompanied by chromosome inversions or translocation, 
involving a break at or near the Bar locus. The change in position 
of the Bar locus in reference to neighbouring genes is believed to be 
the cause of the reaction effect. Table 19 from Goldschmidt 
(1928) gives the facet number of. various arrangements of Bar, infra- 
Bar and normal. 
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Table 19 

(Adapted from Goldschmidt, 1928) 


Eye character. 

Formula. 

Facet number. 

Normal ..... 

+/+ 

779'4 

Infra-bar. 

Bj/Bj 

320-4 

Bar ...... 

B2/B2 

68-i 

Double infra-bar .... 

BiBx/BiBi 

38-2 

Bar infra-bar .... 

B1B2/B1B2 

267 ' 

Double bar ..... 

B2B2/B2B2 

24-1 

Normal bar. .... 

+/B2 

358-4 

Normal infra-bar .... 

+/Bj 

716-2 

Normal double bar 

+/b 2 b 2 

45-4 

Normal bar infra-bar . 

+/b z b 2 

50-5 

Normal double infra-bar 

+/BxBt 

200-2 

Bar, bar infra-bar 

B2/B2B1 

37 

Infra-bar, double bar . 

B2B1/B2B2 

24*1 


An interesting method of obtaining evidence for position effect is 
provided by Griineberg (1937) who found that an inverted 
X-chromosome in Drosophila melanogaster with rough eyes became 
re-inverted. In the animals with re-inverted chromosomes the 
phenotype of the eye was normal. The breaks for the inversion 
takes place near rst and in the inert region. Incidentally Griineberg 
showed that the inert region between bobbed and the centromere 
was 10 units instead of 4-5 cross-over units as previously estimated. 

Schultz and Dobzhansky (1933) (for Plum! and Plum 2 ), Stern 
(1931), Dobzhansky and Dobzhansky (1933) (for Bar) and others 
(for scute) have shown that some mutations are almost inseparable 
from chromosome rearrangement or breakage. Losses of material 
during the breakage or gene mutations as such are equally likely to 
occur during chromosome rearrangement. Therefore strict analysis 
is necessary to separate these causes from " position effects.” 

Mosaic eyes and body characters such as scute have been found 
to be due to similar phenomena (Muller (1930), Sturtevant and 
Schultz (1935), etc.). The difficulty of separating possible causes, 
such as breakage of the gene molecules, gene mutation and positional 
effect will be obvious. The knowledge that small deficiencies or 
duplications (insertions) involving no more than one gene may take 
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place, are viable and give different phenotypes without qualitative 
change of the gene, is of importance in evolution. As Muller (1935) 
points out a duplication may undergo mutation and provide further 
variation on which selection can act. 

Step Allelomorphism. Serebrovsky (1927), Levit (i 93 °)> Dubinin 
(1929) and Agol (1931), put forward the view that the locus of 
one gene contains a group of sub-genes, arranged in a linear order and 
each contributing a definite characteristic to genetic determination. 
Thus, the following diagram (Fig. 24) pictures the hypothesis in 
reference to the locus of the multiple allelomorphic series of scute 
in D. melanogaster . The different allelomorphs sc x , sc 2 , sc 3 and sc 4 
occupy different regions of the district in the locus, and therefore 
the author views each of these genes as a sub-gene only partially 
allelomorphic to another of the same allelomorphic series. 

Serebrovsky arranged the characters of bristles controlled by the 
scute series in a linear order of effect and showed that this order 
corresponded with that of the supposed position of the sub-genes 
in the district of the locus. Sturtevant and Schultz (1931) extended 



Fig. 24. Diagram of the scute locus in Drosophila melanogaster 
based on the step allelomorphism hypothesis. (Agol, 1931.) 


this series of characters and showed that each allelomorph had a 
maximum effectiveness on " definite ” bristles, while their effect on 
other bristles fell off equally on either side. Therefore, each scute 
allelomorph has a definite effectiveness in inhibiting the development 
of successive bristles. It is found that sc 4 affects all the bristles, and 
that sCj, sc 2 and sc 3 each do so in part, except for the frontal 
dorsocentral bristle which is influenced by sc 3 and those on the wing 
influenced by sc 2 . If sc 4 were a partial allelomorph of these 
sub-genes, then in a hybrid between flies with sc 4 and those with 
other scute factors, only the coinciding characters determined by 
both sub-genes will appear, and the remaining characters will be of 
the dominant normal type. Agol found that this was always the 
case in the scute locus. For example, sc 10 gives bristles on the head, 
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but not on the dorsocentral region, while sc 4 gives the reverse. The 
sc 

hybrid gives -hairs on both regions. The Serebrovsky school 

believe that this indicates that sc 4 and sc 10 occupy two different 
regions in the scute locus, which together fill almost the whole region 
of the locus. Where the phenotypic manifestations of two of the 
allelomorphs are different, reversal to the dominant or normal takes 
place in that difference only. 

Agol points out that scute 2 besides affecting the bristles, makes 
the wings spoonlike and wrinkled. Scute 4 does not affect the wings. 
The neighbouring gene to the right of scute is spoon wing. Therefore 
Agol suggests that scute 2 extends along the chromosome into the 
district of the locus spoon, but that scute 4 does not. 

It is said that the scute allelomorphs are only partial allelomorphs. 
The position and space taken up by one sub-gene allelomorph in the 
district of a locus may not be the same as that of another allelomorph, 
but by a step arrangement a long “ stair ” of allelomorphs is assumed, 
which passes from one locus to another throughout the length of the 
chromosome. 

A consequence of this theory is that one gene may occupy less 
space on the chromosome than its allelomorph, and if the genes 
are an integral part of the composition of the chromosome, one 
chromosome containing one allelomorph may be shorter than the 
homologue containing a different allelomorph. This might be 
detectable by linkage studies. Serebrovsky (1927) and Serebrovsky, 
Ivanova and Ferry (1929) claim to have detected this difference in 
length in Drosophila. 

If allelomorphs are definite physical granules in the chromosome 
and crossing-over occurs as a result of the breaking of the thin 
twisted threads at prophase we should expect the substitution of one 
type of granule for another to have a certain influence on the points 
and the number of breakages of the chromosomes (Gowens, 1919). 
On the second chromosome of D. melanogaster, black, purple and 
cinnabar are genes with the loci at 47*5,53 and 54 units of the genetic 
map respectively. By careful controlled experiments Serebrovsky 
(1927) showed that the cross-over value between black and cinnabar 
was higher when the dominant normal gene was present in the 
purple locus than it was when the recessive purple was present. 

5—2 
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He also fo und that when the fly was of the constitution Pr pr, i.e., 
heterozygous for purple, the cross-over value for back-cinnabar was 
less than in flies of the constitution Pr Pr. This reduction in the 
cross-over value he attributes to the perceptible shortening of the 
chromosome by the dropping out of the gene which is dominant to 
purple (see Fig. 25). When the fly is heterozygous for purple the 
two chr omosomes will not be symmetrical, and this may interfere 



Sc w 6 + e c r b 



Fig. 25. a represents some of the loci of factors in the sex chromo¬ 
somes of Drosophila melanogaster . b represents the lengths of 
the sex chromosomes on the assumption that the recessives and 
Ni are absences. (Serebrovsky, Ivanova and Ferry, 1929.) 

with crossing-over. Serebrovsky thus returns to the presence and 
absence theory, but points out that both it and Morgan’s theory 
may require modification on the view that the gene is divisible. 
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Fig 26. 


Later Serebrovsky, Ivanova and Ferry studied crossing-over at 
the left end of the sex chromosome of D. melanogaster. The regions 
were marked by scute sc, eosin w', echinus e c , and ruby eye colour, r b 
The effect of introducing y, a recessive situated near scute, li, a 
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recessive lethal between yellow and eosin, and N x , a homozygous 
dominant lethal between eosin and echinus, upon the cross-over 
values between the above genes was examined. 

The constitutions of the flies studied were therefore as in Fig. 26. 

The authors show that the cross-over values in type I hybrid 
are lower than II, III or IV, and that type IV showed a marked 
increase in crossing-over in the region eosin echinus (where N x is 
situated). N x is probably an absence. Type III showed the 
greatest increase in the scute-eosin region, while type II showed 
a general increase. 

Table 20 


Summary of Cross-over Values in three experiments on the X Chromo¬ 
some of Drosophila melanogaster involving Flies of four different 
constitutions (see Fig. 26, Serebrovsky, Ivanova and Ferry, 
1929). 


Type I 
,, IX 
„ III 
„ IV 
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o-39±o*o5 
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The authors attribute the increase to the resolution of asymmetry 
brought about by introducing recessive genes on the chromosome 
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He also found that when the fly was of the constitution Pr pr, i.e., 
heterozygous for purple, the cross-over value for back-cinnabar was 
less than in flies of the constitution Pr Pr. This reduction in the 
cross-over value he attributes to the perceptible shortening of the 
chromosome by the dropping out of the gene which is dominant to 
purple (see Fig. 25). When the fly is heterozygous for purple the 
two chromosomes will not be symmetrical, and this may interfere 



4 * 4 - Nj -f- 4 * 



Fig. 25. a represents some of the loci of factors in the sex chromo¬ 
somes of Drosophila mrfanogaster. h represents the lengths of 
the sex chromosomes on the assumption that the recessives and 
Ni are absences. (Serebrovsky, Ivanova and Ferry, 1929.) 

with crossing-over. Serebrovsky thus returns to the presence and 
absence theory, but points out that both it and Morgan's theory 
may require modification on the view that the gene is divisible. 


Type I 


+ + + + 

sc w e e c r b 


Type III 


+ li + + + 

sc w* e c r b 


Type II 


y+ + + + 

sc w e e c r b 


Type IV 


+ +Nl + + 

sc w c e c r b ‘ 


Fig 26. 


Later Serebrovsky, Ivanova and Ferry studied crossing-over at 
the left end of the sex chromosome of D. wiclatiogustcy. The regions 
were marked by scute sc, eosin w e , echinus e c , and ruby eye colour, r b 
The effect of introducing y, a recessive situated near scute, li, a 
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recessive lethal between yellow and eosin, and N x , a homozygous 
dominant lethal between eosin and echinus, upon the cross-over 
values between the above genes was examined. 

The constitutions of the flies studied were therefore as in Fig. 26. 

The authors show that the cross-over values in type I hybrid 
are lower than II, III or IV, and that type IV showed a marked 
increase in crossing-over in the region eosin echinus (where N x is 
situated). N x is probably an absence. Type III showed the 
greatest increase in the scute-eosin region, while type II showed 
a general increase. 


Table 20 

Summary of Cross-over Values in three experiments on the X Chromo¬ 
some of Drosophila melanogaster involving Flies of four different 
constitutions (see Fig. 26, Serebrovsky, Ivanova and Ferry, 

1929). 
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brought about by introducing recessive genes on the chromosome 
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which carries most dominants. The influence of each recessive gene 
is most marked in the region of the chromosome to which each 
belongs, but the influence also extends with less effect to neighbouring 
regions. The authors assume, then, that the chromosome with the 
wild type allelomorphs of those they studied will be longer than 
that containing the recessive genes. Hence a certain asymmetry 
between the chromosomes results and interferes with crossing-over. 
When, however, a recessive gene such as y in type II is introduced 
into the chromosome carrying wild type allelomorphs, the 
asymmetry is reduced by the relative sizes of y and its dominant 
allelomorph. 

While these experimental facts of Serebrovsky appear to be 
well substantiated, it is necessary to approach with caution the 
hypothesis put forward to explain them. Indeed, Sturtevant and 
Schultz (1931) bring forward evidence that Agol's results could be 
explained in a different way, more in keeping with the general view. 
They studied duplications of various portions of the X chromosome 
which included scute itself. Where the duplication includes a 
considerable portion of the X chromosome, as in a translocation to 
chromosome III of the X broken to the right of “ white/* it is found 
that scute behaves as a dominant, whereas with smaller portions of 
the duplicated X chromosome it behaves as a recessive. They point 
out therefore that the expression of scute varies with the balance of 
the gene to other factors, of which two at different loci on the 
X are known. Hence Agol’s results may be explicable by the 
differential interactions of the different scute allelomorphs with 
other genes (see also Child, 1935). 

Goldschmidt*s Physiological Hypothesis. As a result of his work 
on Lymcmtria dispar and L. japonica, Goldschmidt (1922, 1923, 
I 9^7. I 93 I ) put forward another theory of factor action which, if 
true, sheds considerable light on many genetical phenomena. He 
found that when European and Japanese races of the Gipsy moth 
were intercrossed, the sex ratio and degree of intersexuality depended 
on the particular races used, although when inbred each race had a 
normal sex ratio and behaviour. 

The cross, European female x Japanese male, gives normal males 
but females which are intersexual in the F 1# The intersexual 
females when crossed with normal males give 50% normal females 
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and 50% intersexual females. The reciprocal cross, Japanese 
female x European male, gives normal males and females in the F v 
but in the F 2 the males show intersexual tendencies. Different 
races from Europe and Japan have different degrees of strength of 
the male and female sex potencies. These were classified and 
predictions made of the result from any particular cross. If we 
designate the male potencies as MJVL,, etc., and the female as F x F a , 
etc., where is a weak male determiner and M s a strong, the 
various crosses may be symbolised in a factorial manner. 

The M factors behave as allelomorphs, while the F factor is either 
borne by the W chromosomes (moths have heterochromosomes and 
are WZ in the female and ZZ in the male) or in the cytoplasm. 

A u weak ” male M 2 M 2 F 3 X a “ strong ” female M $ mF 4 
gametes M 2 M 3 F 4 and mF 4 

Ft MIh M 2 mF. 

x 434 *4 

male X female 
(M > F) (M < F) 

gametes M 2 and M 3 M 2 F 4 and mF 4 

F 2 M 2 M 2 F 4 M 2 mF 4 M 3 M 3 F 4 M 3 mF 4 
intersexual male female male female 
M = F M < F M > F M < F 

Goldschmidt infers that the particular sex type depends on which 
sex potency is the stronger during the time of development. The 
reaction chain of processes originating in the factors, which are 
supposed to be similar in their action to autocatalysts, are carried on 
at different but definite rates. The particular reaction process, 
which is uppermost at the end point of development has the greater 
influence upon the final character product. 

This physiological hypothesis may be applied to almost any 
genetical result,* but since attention has been previously directed 
to the Bar and scute cases we will only mention here Goldschmidt's 
(1927, 1931) interpretation of them. Goldschmidt holds that there 
is a quantitative difference between normal and the two 
allelomorphs. Bar and infra-Bar. Their effect on the facet number 
is similar in kind to the end products of several chemical processes 
which only differ in the speed of action. The quantity of factor 

* Goldschmidt (1938), /. G., draws important conclusions on the evolution 
of sex determination from the application of the hypothesis to Strepiocarpus, 
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present is proportional to the quantity of the end result with regard 
to any one allelomorph. 

As regards the scute allelomorphs Goldschmidt (1931) points out 
that an interpretation on a physiological basis may be put forward. 
This supposes that each scute allelomorph sets in motion a train of 
reaction processes, which in rate of development is a function of the 
particular factor or factors present. If we have a series of reaction 
processes, the strength of each proportional to the intensity of the 
initiating factor, we can arrange these in order of strength up to 
the point where the character expression is saturated. Thus a 



r 

Fig. 27. See text. (Goldschmidt, 1931.) 


step-reaction instead of step allelomorphism summarises Gold¬ 
schmidt’s view. 

Qualitative character differences can easily depend on quantitative 
amounts of factor. Thus some scute factors may only affect the 
bristles on the head and not those of the scutellum and dorsocentral 
region of the thorax. The differentiation of the head, scutellum and 
dorsocentml regmn may be ended at different periods. Suppose 
that the different scute allelomorphs produce different rates of 
deveiopment of the reaction processes-then only those parts of the 
body which are being differentiated at the same time by the 
reaction processes of other factors will be affected by the scute 
allelomorph {of. Fig. 27). Where there are two scute allelomorphs 
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the final character will be determined by the weighted mean of 
the two reaction processes. 

Dominance of one factor over another is thus, according to 
Goldschmidt, dependent upon the degree reached by the reaction 
process in the saturation of character expression at the end of the 
time of development. 

The scute example shows that the extent of saturation depends 
not only on the reaction chain of one factor, but also on its relation 
to the reaction processes of other factors. In the above figure it 
will be seen that the head K; scutellum Sc and dorsocentral D region 
are all affected by the dominant factor A, which has saturated the 
expression of bristles. As regards head bristles, a, may be 
considered dominant to a 4 —the head and dorsocentral regions being 
differentiated at different rates. Therefore the slow rate of reaction 
of a x is able to influence the development of the bristles on the head 
but not on the thorax. The thorax is supposed to develop quickly 
and would only be influenced by the factor reaction of the factor a 8 . 
Thus we see in Goldschmidt's theory an assumption of the factor 
being similar to an autocatalyst in action, and that dominance 
depends on the saturation of character expression in any particular 
but defined genetical constitution. 

Size of the Gene. Gowen and Gay (1933) have collected and 
examined the data relating to the number, size and characteristics 
of genes in Drosophila melanogaster . They estimate that with the 
175 genes showing visible effects there could be 1,280 recessive and 
960 dominant lethals on the X chromosome, 9,800 loci of the 
autosomes would have dominant lethal mutations and 13,100 
would have recessive lethal mutations. Altogether, about 14,380 
loci are occupied by genes necessary for the life of the organism. 
The volume of the chromatin occupied by a gene may be estimated 
from the results of “ hits ” by X-rays. The volume of a gene locus 
is calculated as i-i-i X 10- 18 cm 3 . 

Effects of X-rays. Evidence as to the effects of X-rays upon 
genes and chromosomes has been accumulating since Muller (1927) 
directed attention to such radiation for the induction of mutations. 
Demerec (1937, bis), Mather (1934), Mather and Stone (1933)* 
Stone (1933), Fricke and Demerec (1937), Timofeeff-Ressovsky 
(1934), Huskins and Hunter (1935), have paid particular attention 
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to the phenomena while many others have used X-rays in genetical 
research. The effect of X-rays is independent of the wavelengths 
between o-oi A and 2-2 A, and the production of lethal mutations 
is directly proportional to dosage. Chromosome aberrations such 
as breaks, deficiencies which in most cases cannot be separated from 
lethal gene mutations apparently result from direct hits by electrons. 
Gene mutations which are not lethal are rarer and appear to be of a 
different nature. Certain loci such as " white ” in D. melanogaster 
are more prone to give rise to gene mutations than others. 

Huskins and Hunter, Mather and others have shown that X-rays 
retard and interfere with the normal cell mechanics in a general 
manner leading to secondary effects of chromosome breakages and 
subsequent reunions. Several authors have discussed the conditions 
of breakage and reunion of chromosome parts, but no satisfactory 
conclusions are yet forthcoming. Demerec has shown that different 
stocks of Drosophila differ significantly in reactions to X-rays, while 
Catcheside (1936) and others have shown that germinating seeds 
are more susceptible than resting seeds to X-ray radiation. Both 
genetical and physiological causes play important roles in controlling 
sensitivity. It. may be that certain stages of the mitotic or meiotic 
cycle are more susceptible. (See Catcheside 1937, 1938a, b.) 

Fisher’s Theory of Dominance. A theory of dominance, the effect 
of which resembles the foregoing in some respects, has been put 
forward by Fisher (19283,6, 1930,1931). 

He pointed out that among 221 mutations in Drosophila 
melanogaster only thirteen were dominant to the wild type, while the 
remainder were recessive. Of the dominants, all showed incomplete 
dominance over the wild type. Where there is a series of multiple 
allelomorphs the wild type is completely dominant over the 
remainder, but the heterozygotes between any other two show 
incomplete dominance (see p. 23). If we are to assume that the 
wffd type factor is generally completely dominant over the 
allelomorphs, as it appears to be, it is evident that the dominance 
must have been brought about by some particular cause. Fisher 
sees the cause to be natural selection. 


It is known that when first found, a factor mutation is very 
distinct m type, but after several generations of inbreeding becomes 
less differentiated from the allelomorph in the wild type The 
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modification towards a wild type appearance is apparently due to 
selection of modifying factors which increase viability. Let us 
suppose that a mutation occurs with a frequency rate of one in a 
million in a wild population. It is obvious that the heterozygote 
will be much more frequent in the population than the mutant 
homozygote. If the heterozygote is 1% less viable than the wild 
type, the proportion of heterozygotes will be 1 in 5,000, and if it is 
50% less viable the ratio of heterozygotes will fall to 1 in 750,000. 
The mutant homozygotes are proportional to the mutation rate, 
consequently the number of mutant homozygotes, in comparison 
with the number of heterozygotes, is negligible. 

Selection, therefore, first acts upon the heterozygote. If it were at 
first intermediate between the wild type and the homozygous 
mutant, any modification towards the greater viability of the wild 
type would be favoured by selection. Selection intensity increases 
rapidly as the viability increases, consequently any heterozygote 
which was more si mil ar to the wild type in viability would be more 
rapidly acted upon by selection and might become normal before 
those with an initially low viability had made any appreciable 
progress. After the heterozygote is selected to the wild type, 
selection can start upon the recessive homozygote, which will now 
be much more frequent in the population. In favourable cases 
selection may even encourage the recessive to be more indistinguish¬ 
able from the dominant. 

Fisher supposes that selection of the modifying factors changes 
the character of the heterozygote from that of an intermediate type 
to that of the wild type. Haldane (1930), however, supposes that 
mutation of the gene itself may provide sufficient material on which 
selection would act. Hutchinson and Ghose (1937) > Ford (1930) and 
Fisher (1935) produce evidence in support of Fisher’s theory of 
dominance. 

Conclusion. The foregoing theories on genes and gene actions 
indicate that we have little knowledge of the nature of the gene 
itself. The presence and absence theory and the step allelomorph 
theory agree in attributing some quantitative difference to the 
dominant and recessive allelomorphs. Goldschmidt’s physiological 
theory and Bridges’ theory of genic balance (p. 239) agree in 
assuming that there is a quantitative effect of gene action. In 
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many cases, this quantitative difference in effect between two 
allelomorphs may be observed, but in all the theories there is 
assumed to be a qualitative difference between non-allelomorphs 
and sometimes between allelomorphs. The recent work on 
structural changes has indicated that characters maybe determined 
by deficiencies, duplications, and relative positions of loci on the 
chromosome. This at once raises the question whether the gene, 
as such, exists at all. Goldschmidt (1937, 1938) suggests that the 
gene as previously understood by geneticists does not exist. The 
particular arrangement of physico-chemical units on a chromosome 
in association with other chromosomes and the external environ¬ 
ment provide, in his view, for all the known genetical facts. The 
obvious difficulty of inferring from the character expression the 
nature of the gene which causes it, necessitates caution in arriving 
at any conclusion until some quantitative method of measuring 
genes and their actions can be evolved (see concluding chapter). 



CHAPTER IV 


VARIEGATION AND CHIMERAS 

Variegation — Bi-parental Inheritance — Variegation in Ferns — 
Morphology and Genetics of Chimaeras. 

VARIEGATION 

Among plants, variegation is of widespread occurrence. Either 
the vegetative parts exhibit an irregular mosaic as in Abutilon 
Thomsoni and Aucubajaponica , or there is a regular arrangement of 
stripes or sections of chlorotic tissue between the normal green, or 
there is a general chlorosis over a larger or smaller portion of the 
plant. 

The mosaic form is often transmitted by a virus from 
one plant to another. Examples are Aucuba japonica , " breaking ” 
in Tulipa (Cayley (1928), Hughes (1930)), mosaic in tobacco, potato 
and other Solanacece (see “ Handb. Pflanzen Anatomie sect. Zelle 
und Cytoplasma ” (1927), and Barton-Wright (1933), for a general 
account of this phenomenon). 

With the above exceptions transmission of variegation from parent 
to offspring may take place, either by means of nuclear factors or 
by extra-nuclear means such as the plastids or cytoplasm. Bi- 
parental inheritance is found in Antirrhinum , Melandrium , 
Pelargonium albomarginata , Baur (1910), Hordeum, Nilsson-Ehle 
(1913), Urtica pilulifera, Mirabilis Jalapa variegata , Correns (1909a, 
1910, 1913, 1915, 1919), Aquilegia, Lunaria biennis, Capsicum , 
Ikeno. (1917), Barbarea vulgaris, Dahlgren (1921), Andersson-Kotto 
(1923), Zea, Emerson (1912), Phipps, Demerec et al., among many 
other plants. 

Inheritance through the mother plant only, can take place in 
Humulus , Primula sinensis , Zea, Pelargonium vars., Melandrium 
vars., Mirabilis Jalapa albomaculata, Arabis, Aubretia, etc.. 
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THE NATURE OF THE GENES ACTION 

The modes of inheritance may be classified as 

1. Inheritance only through the egg, probably due to plastids or 
the cytoplasm : e.g., Primula sinensis, Gregory (1915) »' Melandrium 
album, Sansome, unpub.; Zea, Emerson (1912) ; Phipps, Demerec, 
et al .; Mirabilis jalap a albomaculata, Correns (1909a). But see 
Imai (1936). 

2. Biparental inheritance. 

(a) Plastid mutation and development under gene control: e.g. f 
Antirrhinum majus , Baur (1910), Gairdner and Haldane (1929) ; 
Hordeum , Imai (1928) ; Urtica peraurea, Mirabilis jalapa variegata , 
Correns (1920), etc.; Pelargonium , Zea , etc. 

(b) Plastid mutation, autonomous or under gene control: e.g., 
Commelina, Oryza, Chrysanthemum , Capsicum, Pelargonium. 

(c) Plastid mutation without gene control: £.g., Hydrangea , 
Pelargonium, Imai (1936) 

Maternal Inheritance. In the case of maternal inheritance one 
may he reasonably sure that plastids instead of nuclear factors act 
as the carriers of the chlorotic condition. Gregory (1915) suggested 
that the transmission of diseased plastids through the egg and not 
through the pollen in Primula sinensis, would account for the 
maternal inheritance of the chlorotic form that he observed. He 
found diseased plastids in the cells of chlorotic tissue in these 
plants. 

Green, white and variegated green and white plants are found in 
Melandrium. The pollen parent does not influence the variegation 
of the offspring in the above-mentioned plants and it is found that 
if the egg arises from sub-epidermal tissue, which is genetically 
green, the progeny will be green. If it arises from white tissue 
the progeny will be white, and if it arises from a variegated sub¬ 
epidermis the degree of variegation of the progeny depends on the 
degree exhibited by the particular portion of the sub-epidermis 
involved. 

The cytoplasm and plastids enter the egg from the mother plant 
but it' is of some importance to know whether any cytoplasm 
and plastids or their primordia enter the egg from the pollen tube. 

Correns (1909a) made the suggestion that no chloroplasts or 
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cytoplasm of male origin were introduced into the egg and that the 
transmission of variegation from mother to offspring in Mirabilis 
Jalap a albomaculata was dependent on the cytoplasm or plastids 
derived from the mother. The question arises as to whether the 
plastids or some physiological condition of the cytoplasm is the 
causal agent for white or green plastids. In Taraxacum , Senecio 
and Mirabilis the demarcation between normal and chlorotic tissue 
is well defined. Correns points out that the intermediate zone 
between two areas is expected to he large when the plastids are 
mixed in type and are distributed at random to the daughter cells. 
The cell descendants from an embryonic cell containing a mixture 
of plastids (white and green) would have a greater chance of 
containing a mixture than of containing either all white or all green 


Table 21. Chlorophyll Deficiencies in Maize ( Phipps , 1929) 


Character. 

White seedlings, w 1 to w xl 
Dominant white seedlings 
Xantha seedlings, xn x> xn 2 
Pale green seedlings, pg t to pg 5 
Yellow-green seedlings, yg 
Virescent seedlings, v 1 to v 20 . 
Yellow-white seedlings m v m 2 . 
Ghost seedlings, gh 
Golden, g lf g 2 
White-base leaf, wl 
Argentia, ar . 

Fine-striped,/p/ 2 . 
Fine-streaked, fi . 

Lineate, li 
Japonica-striped, j 
Green-striped, gs 
Maternally inherited striping . 
Iojap striping 

Zebra-striped leaves. zb v zb 2 . 
White sheath 

Piebald seedlings, pb x to pb A . 
Polka-dot leaves, pk 
Blotch leaf, bl . . 


iNumDer oi 
factors concerned. 

II 

1 

2 

5 

2 

20 

2 

1 

2 
1 

1 

2 

1 

2 
1 
1 

1 

2 
1 
4 

. 1 

1 


65 

For references to the various workers, see Phipps (1929)* 
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plastids. Correns points out that in place of cells showing inter¬ 
grades of colour, cells are either chlorotic or normal. He therefore 
assumes that the plasma and not the plastids determines the 
formation of chlorophyll. 

This assumption suggests that the plasma influences the develop¬ 
ment of the plastids in a similar way to the effect of nuclear factors. 

Bi-parental Inheritance. Bi-parental inheritance of variegation 
may be controlled either by nuclear factors or by the cytoplasm or 
plastids. Inheritance of variegation governed by nuclear factors 
is found in Antirrhinum , Baur (1910), Chittenden (1927a), Gairdner 
and Haldane (1929), Urtica peraurea , Mirabilis Jalapa variegata, 
Correns (1920, etc.), Pelargonium chlorina, Zea, and other species. 

Usually green is completely dominant over the non-green form 
but sometimes, as in Urtica , Pelargonium , Antirrhinum and maize, 
the F x plants between green and non-green are variegated. When 
Urtica peraurea , which exists only in the heterozygous state, is 
selfed, the progeny segregate in the proportion of one white which 
dies, two peraurea and one green. 

The variegated form of Mirabilis Jalapa is completely recessive 
to the normal form and the F 2 segregates in the proportion, three 
normal and one variegated. The F 2 ratios are not, however, 
constant. This is probably due to the inconstancy of the variegated 
form which often sports green branches. 

In maize, Emerson (1912), Lindstrom (1918, 1921, 1924, 1925) 
and Phipps (1929), describe a large number of factors connected 
with variegation which exhibit peculiar interactions and a variety of 
expressions. 

There are at least sixteen factors, any one of which in the 
homozygous recessive condition gives virescent seedlings and eleven 
of which give white seedlings which later may become green. 

The various virescent seedlings (Demerec (19246) and Phipps 
( I 9 2 9)) ma y t» e arranged in a series ranging from white seedlings, 
which develop a small quantity of chlorophyll at ordinary tempera¬ 
tures, to seedlings which are white at low temperatures only and 
green at. normal temperatures, v s . Cf. Table 2x. 

The interactions of these factors are of great interest. For 
example, the three factor pairs W x w 1} W 2 w 3 and W 3 w 3 , are inherited 
independently, and the dominants are complementary for normal 
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green colour. On selfing a triple heterozygote, numbers approxi¬ 
mating to the ratio 27 green : 37 white seedlings were obtained in the 
progeny. The factors W s and W 6 are linked and both must be 
homozygous recessive to give a white seedling. w 8 and w 9 are 
another pair of duplicate factors for white. Demerec (1923). 

The authors Lindstrom, Emerson et al. have shown that a normal 
green plant must contain the dominant allelomorphs of all these 
factors for albinism, together with dominant allelomorphs of a 
series of virescent factors (v). If one of the virescent factors is in 
the recessive condition another set of factors L X L 2 for yellow colour 
may be observed. 

The factor scheme is :— 

LVW. 1 VW, green, 

LvW, virescent, 
lvW, lVw, lvw, yellow, 

LVw, white. 

The green plants can therefore be of two types. One, 1 VW, when 
crossed to a white, will segregate for yellow pigment in the F 2 , 
while the other, LVW, will not. Lindstrom (1925) found that the 
factors L I and L 2 react with the factors W 1 W 2 W 3 in different ways. 
ljW x LjWj gives in the F 2 a ratio of 12 : 3 : 1, while 1 2 W x L 2 w 
gives a 9 : 3 : 4 ratio. In the first case the plant of the constitution 
ljW is green instead of yellow—the factor W inhibits the action of 
the yellowing factor. 

Two virescents when crossed together segregate in a 9:7 ratio. 
Only four combinations of the eighteen factors for virescent seedlings 
were not tested by Phipps. 

In addition to the above there are other factors in maize which 
determine green striping on the leaf—japonica striping St, green, 
yellow and pale yellow stripes Lj, and white striped japonica lj, as 
well as the fine striped leaf caused by ff. 

Plastid Inheritance. Baur's work with Pelargonium albo - 
marginata shows that instead of the vegetative parts being 
irregularly marked with white as in Mirabilis, the Pelargonium is a 
periclinal chimaera (see p. 149) of white over green. The epidermis 
of white and of green tissue are indistinguishable microscopically, 
but the underlying layers will reflect their genotypical constitution. 
Baur (1910) and Imai (1936) crossed reciprocally green plants with 
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white over green chimaras, and found that the resulting seedlings 
were green, white which died and further chimaeras. 

There is a quantitative difference between the reciprocal crosses. 

Pure Green Chimoora White 

Green X chimsera . 139 *8 4 

Chimsera X green .60 23 0 

Thus more chimeras appeared in the progeny of the cross where 
the chimera was the female parent. Baur favoured the view that 
the mode of transmission was not by chromosomes but by plastids 
in both egg and pollen-tube. Noack (1922), Chittenden (1927a) and 
Baur showed that this green-white chimsera carried the dominant 
allelomorphs of the aurea form of Pelargonium . Considerable 
complication is found in the structure and behaviour of Pelargonium 
(see Literature key for references). 

Imai (19360,6) reports further investigations of Capsicum 
variegation (19170,6). Imai finds that the variegated form is 
recessive to green but does not breed true to type, giving 7 green, 
294 variegated and 2 albinos when selfed. He suggests that the 
gene mutates and the mutated plastids may revert to green. This 
latter cause gives rise to green ticks in white tissue (also found in 
Pelargonium ). Under the influence of the recessive gene, green 
plastids may mutate to white. 

Variegation in Ferns. Andersson-Kotto (1923, 1930, 1931) has 
made some important discoveries on the inheritance of variegation 
in ferns. 

Sporophytes of Lastrcect atrata variegated with green and white 
tissues give rise to green gametophytes from both areas. The 
succeeding generation of sporophytes are all variegated. Both 
generations have the same chromosome number and the plants are 
apogamous. Obviously the development must influence the 
expression of variegation. 

Both the gametophytic and sporophytic generations of Scolopen - 
drium vulgare show chlorophyll deficiency. The deficient areas are 
yellow or pale green in colour. Green gametophytes do not mutate 
to pale, but sporophytes even arising from one pale gametophyte 
(hence homozygous) may mutate in either direction. Sporophytes 
derived from a green gametophyte are always stable and green. 
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Genes or plasmatic factors are the means of transmission, and 
changes take place in the cell-divisions of the sporophyte. 

There is a still more complicated behaviour in Polystichum 
angulare. The change from green to white or white to green may 
occur at any time in the sporophyte. The gametophytes are of 
four types : (1) green, (2) white dying in the 4-5 celled stage, 

(3) variegated, always starting with green cells and changing to 
white which may again give rise to green cells. Although presum¬ 
ably haploid the white and green cells are genotypically distinct. 

(4) In the early stages these are similar to (3) but later “ after¬ 
greening” takes place and consequently they cannot be distin¬ 
guished from normal. To account for these facts Andersson-Kotto 
suggests that a recessive C factor is in the labile state and able 
to mutate either to a stable or further unstable state. The reversion 
may be similar to that found by Stadler and Jones in maize. 

These several curious cases require further work to elucidate 
the manner in which the supposed mutability of the gene and 
of the plastid under the influence of a gene takes place. It is 
apparent that the observed variegation has arisen in some peculiar 
way from one zygote cell, and therefore plastid segregation, gene or 
plastid mutation must have occurred during ontogeny. (See Imai, 
1934.1936a, b, 1937.) 

Chimaeras. Variegated plants which result de novo from crosses 
between two normally green plants or between variegated plants 
must be constituted by a change in the contents of one or more cells 
during the early ontogeny of the new embryo. The zygote is 
supposed to arise from one cell containing female cytoplasm and a 
nucleus derived from the male and female parents. Nevertheless, the 
seedling from such a cell is sometimes a well-defined chimasra. 
Segregation of the white or yellow plastids or cytoplasm from the 
green cells must have occurred between the stage of the one-celled 
zygote and that of the many celled chimerical embryo (cf. Pelar¬ 
gonium Baur, Noack, Silene Otites, Newton, Sansome (1938), 
(Enothera). 

After somatic segregation has taken place the propagation of the 
ancestral and derivative cells leads to particular and definite results 
in the morphology of the plant. By artificial creation of chimaeras 
erroneously termed graft hybrids, and by anatomical investigation 
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it has been possible to understand the structure and the genetical 
and physiological behaviour of plants consisting of tissues of more 
than one genetical type. 

The following artificial chimeras have been formed 


Original Species. 

Solanum tubigense . S. Lycopersicum, S. nigrum. 

proteus. 

Kcelreuterianum. 

Gcertnerianum . 

Darmnianum. 

Solanum, spp. S. nigrum, S . sisymbrifolium. 

S. Lycopersicum, S, melongena . 

„ S. Dulcamara. 

Cytisus Adami . Cytisus purpureus , Laburnum 

vulgare . 

Cratcego-Mespilus Dardari. Cratcegus monogyna . 

Asnieresii. M espilus germanica. 

Batesonii. 

Brunii, 

etc. 

Cydonia-Pyrus. Cydonia vulgaris, Pyrus communis. 

Peach-almond. Amygdalus communis, 

. Amygdalus persica. 


These forms resulted from grafting the original species together. 
In some cases [Solanum) the chimasra arises directly from beneath 
the callus formed at the graft. 


The usual method is to cut back a vigorously growing stock of one 
species. Into the tissue thus exposed there is inserted a scion of 
another species. When the two tissues have become attached by 
growth the scion is cut back. Adventitious shoots arise by the 
accelerated growth of the procambium on the cut surface. The 
^oote which arise from the junction of stock and scion will 
probably contain tissue from both species and will form a chimsera. 
In_ the remaining examples of the list, the chimaera has generally 
amen at the place of graft after several years of growth and little 
definitely known as to its mode of origin. It is, however, probable 
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that meristematic activity is induced at the place of graft through 
the check to the flow of sap which such a change in tissue affords. 

The shoot of the higher plant develops from the so-called bud- 
initials at the apex of the stem. In Monocotyledons such as 
Veronica , Hiftfiuris, Ligustrum and possibly Cytisus Adami and 
Plectranthas fruticosus, there are only two layers of bud initial cells, 
that which gives rise to the epidermis, and that which gives rise to 
the inner tissue. (Schwarz (1927), Massey (1928)). Hence in 
these plants one only expects to find chimaeras with one layer of one 





Fig. 28. Cross-sections of stems of different types of chimaeras: 
a, periclinal; b, sectorial; c and d, mericlinal. (j0rgensen 
and Crane, 1927.) 


genetical constitution overlying another layer of a different 
constitution—periclinal chimaeras. A sectorial chimaera is consti¬ 
tuted when the two different tissues both extend from the centre 
to the periphery of the stem—a sector or wedge of one tissue inserted 
in the other. The accompanying diagram (Fig. 28) illustrates 
transverse sections of periclinal and sectorial chimaeras. Such 
chimaeras have been reported in barley, oats, Chlorophytum (Collins), 
Veronica and Ligustrum . The epidermal tissue of a leaf of a 
periclinal chimaera will correspond to that of the epidermis of the 
stem at the place of origin. Thus, if the leaf arises from a geno¬ 
typically green tissue, the epidermis will be green. The inner layers, 
at least at the basal part of the leaf, will correspond with the inner 
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layer of the stem. The more distal portions of the leaf are some¬ 
times exceptional and will be discussed later. 

The constitution of a leaf of a sectorial chimsera depends upon its 
position. The leaf may be made up entirely of one tissue or the 
other, or, if it overlaps, the line of junction of the two tissues, which 
are arranged side by side in a longitudinal direction, it is made up 
of the two tissues. 

In other dicotyledonous plants, more than two transverse layers 
of bud initials take part in the laying down of the stem tissues. 
Therefore it is possible to have three to five genetically different 
layers in one plant. The outer layer gives rise to the epidermis. 
The second layer gives rise to the sub-epidermis and the third, fourth 
and fifth (if present) lay down the endodermis and the stele. The 
division of labour among the innermost layers differs in different 
species and perhaps even in one plant ( Pelargonium , Noack, 1925). 

Periclinal chimaeras, consisting of one or two layers of one tissue 
as an envelope over a tissue of different genetic constitution are thus 
to be expected. Solatium tubigense consists of one layer of tomato 
over a core of S. nigrum. Solanumproteus has two layers of tomato, 
while 5 . Koelreuterianum, Gcertnerianum and Darwinianum have the 
outer layer or layers of 5 . nigrum and the inner of tomato. S. 
Koelreuterianum has one layer, S. Gartnerianum has two layers, and 
S. Darwinianum probably has an outer layer of S. nigrum, a sub- 
epidermis of tomato, and inner layers of S. nigrum. Later work of 
Winkler reported by Lange (1926) indicates that four layers of 
different genetic constitutions may be formed in one Solanum 
chimsera. Cratcegus-Mespilus Dardari differs from Cratcegus- 
Mespilus Asneresii by having two layers of Medlar over the 
CraUegus tissue in place of one. 

It is highly improbable, as Jorgenson and Crane point out, that 
sectorial chimseras will occur in such forms, if the outer tissue does 
not completely cover the inner layers. When the inner tissue 
forms part of the epidermal anlage or primordium, the resulting 
plant will be a mericlinal chimasra (see Fig. 28). The difference 
between the mericlinal and sectorial chimseras consists in the 
distance to which the outer layer penetrates to the centre of the 
stem. Mericlinal chimaeras are more common than sectorial 
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Lange has shown that three to four different layers of bud 
initials enter into the formation of the leaf. In the basal parts of 
the leaf, three to four layers are involved, while at the distal parts 
there is irregularity in the distribution. This irregularity has been 
shown to be due to a disturbance of the growth rate of the various 
layers late in the ontogeny of the leaf. Proliferation of the outer 
layers is common, resulting in the edges of the leaf being sometimes 
composed of epidermal tissue only. (Neilson Jones (1934) : see also 
Weiss (1930) .) 

Changes from one type of chimsera to another can occur in one of 
several ways. For example, a Solanum chimsera as it arises from the 
original formative callus will either be mericlinal or sectorial and 
rarely, if ever, periclinal in structure. This is due to the fact that 
the bud initials will consist in one part of one tissue and in another 
of the alternative tissue. Sectorials will be much rarer than 
mericlinals, since the former can only arise when there are equal 
numbers of bud, initials of the two tissues, i.e., when the centre of 
the bud corresponded with that of the junction of the two tissues. 

Although at origin the Solanum chimsera is mericlinal it may 
become periclinal in nature. A simple manner of change from 
mericlinal to periclinal structure is by the formation of an axillary 
bud in the region where both tissues are present (one beneath the 
other). Mericlinals with a different number of layers from that of 
the original will arise when a bud is formed at the surface junction 
of the two tissues (at point (a) in diagram). These might be classi¬ 
fied as regular modes of change. They are expected to occur more 
frequently in some plants than in others. Therefore a chimsera of 
Solanum is more variable in structure than a chimsera of Pelargonium 
or of a Liliaceous plant. 

Irregular modes of interchange between periclinal, mericlinal and 
sectorial chimeras arise through the bud initials, which normally 
give rise to one part of the plant (sub-epidermis, stele, etc.) suddenly 
entering into the formation of a different tissue. Such irregularities 
probably arise through injury, or some other disturbance of relative 
rates of propagation of the several layers. Thus a periclinal 
chimsera with one layer of 5 . nigrum over S. Lycopersicum may give 
rise to a shoot of pure S. Lycopersicum by a bud whose epidermis is 
formed from Lycopersicum in place of the nigrum tissue. Doubling 
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of the outer layers to form two layers of S. nigrum in place of one is 
also known to occur. 

In Cytisus Adami, Cratcego-Mespilus , Pelargonium and other 
chimaeras, the inner or outer component tissues alone may produce 
a branch or leaf or flower. Hence in certain parts of the chimaera 
the original tissues, whether of stock, of scion, or of normal or 
mutant origin may be recovered. Buder injured the bud of Cytisus 
Adami; the outer tissue of Cytisus was injured, and the inner 
Laburnum component gave rise to a pure Laburnum shoot. 

The above interpretation of chimaerical structure was first sug¬ 
gested by Baur (1909). It is founded on well-established facts of 
plant ontogeny. Noack (1922) and Collins (1922), however, have 
suggested that somatic segregation into white and green tissues by 
one or more apical cells would give rise to a variegated plant. Noack 
supposes that there is a labile state in the apical cells of a variegated 
chimaera. During the transition from the meristematic to half 
meristematic condition, the cell undergoes a “ Determination 
process ” to white or green. For example, a sub-epidermal cell 
might lay down green tissue by tangential divisions and white tissue 
by radial divisions, giving rise to a periclinal chimaera of white over 
green. Collins analysed Chlorophytum datum and Comosum vars. 
mediovariegata and albomarginata. The albomarginata is a one- 
layered white over green periclinal chimaera while mediovariegata is 
green over white. Collins supposes that there is an orderly 
segregation of an inhibitor for chlorophyll production in the somatic 
meristems and that the dermatogen occasionally may form internal 
tissue, by transverse divisions, as well as the epidermis by more 
normal tangential divisions. (Compare also Andersson-Kotto, 1931.) 

Among the consequences of the theories of Noack and Collins are 
(cf. Chittenden, 1927) :— 

1. There is only one true periclinal chimaera—that with one layer 
of tissue over layers of different genetical constitution— 
monochlamydious. 

2. Polychlamydious periclinal chimaeras, i.e., those with more 
than two layers of different genetical constitution should not occur. 

3. Sectorial chimaeras may occur by this method, but the leaves 
will bear no relationship in chimaerical structure to the part of the 
stem from which they arose. 
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While the discovery of polychlamydious periclinal chimaeras in 
Solanum by Winkler and the knowledge that predictions can be 
made from the character of the stem as to the character of its leaves 
are serious obstacles to Noack's view, it should be remembered that 
Andersson-Kotto’s experiments in ferns (see p. 146) suggest that a 
meristematic cell may change its state during development. There 
is also evidence from the anatomical work of Noack and Lange 
(1927) that some varieties of Pelargonium do have irregular 
proliferation of cells in the ontogeny of the leaf. 

Morphology of Chimaeras. The outward appearance of chimaeras 
can be interpreted in terms of internal structure as the result of work 
by j0rgensen (1928), Winkler (1909, 1916, 1925), Daniels (1904- 
1930) and Sansome (1930). The characteristic white or green areas 
of the leaf of Pelargonium , Buxus, Melandrium , etc., depend on the 
inner tissue—the epidermal tissue has generally colourless 
plastids. The gross shape of the leaf depends on the inner 
tissue. In Solanum , Cratcegus-Mespilus and Cytisus Adami it is 
found that if the sub-epidermal and inner layers consist of layers 
which normally produce either compound or dissected leaves, the 
chimaera will have compound leaves. Appendages such as hairs, or 
glands and scent usually depend on the epidermal tissue. For 
example, it is found that chimaeras of Solanum luteum over tomato 
have not the epidermal hairs or scent of tomato. The chimaera of 
tomato over luteum, however, possesses these characteristics. It is 
interesting in this connection to note that when a chimaera is formed 
of one layer of S. nigrum on 5 . sisymbrifolium the characteristic 
spines of sisymbrifolium which are of sub-epidermal origin are 
developed to a slight extent. 

The details of shape and minor characters of the leaf correspond to 
those of the species which constitutes the outer layers, in a chimsera 
which has the epidermis and sub-epidermis constituted from one 
species. Generally, however, the leaf is distorted in the centre, if the 
inner tissue is composed of a compound-leaved species such &s S. 
Lycopersicum. If there are two layers of the simple-leaved 
S. luteum , nigrum or guinense over S. Lycopersicum the leaf is often 
asymmetrical and twisted. This is probably due to the genetic 
differences controlling rates of development of the inner and outer 
layers. 
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The flowers and fruits often show the effect of chimerical struc¬ 
ture. The artificially produced chimeras of Solanum, Cytisus 
Adami and the Cratcegus-Mespilus “ graft hybrids ” are prominent 
examples which exhibit the chimerical nature of the flowers and 
fruit. For example, Cytisus Adami has three types of flowers 
(i) those of Cytisus purfureus, (2) those of Laburnum vulgare, and 
(3) a type intermediate between the two species. The last type is 
purplish in colour and sterile. 

The flowers of S. Kodreuterianum and S. Gmtnerianum are white 
but generally show a yellow stripe in the centre. The flowers of 
S. nigrum-sisymbrifolium-i (one layer of s. over n.) are far from being 
intermediate between the two species. The petals are generally cut 
to the base like nigrum and have the shape of sisymbrifolium . 
Therefore the flowers of the chimera may grow to a large size. At 
first they are white but later show the characteristic blue colour of 
sisymbrifolium. The chimaera of S. Lycopersimm-luteum -1 never 
bears flowers. A cork layer is found in the place where the flower is 
expected. 

The apparent dissimilarity of the morphological features of the 
chimsera from those of the original species led some workers to the 
view that the so-called graft hybrid was similar to a seed hybrid— 
it was supposed that actual fusion had taken place in the formation 
of the graft hybrid. This point of view is reviewed by Weiss (1930) 
and need not be more than referred to here since proof of the nuclear 
fusion (and subsequent reduction division) has not yet been provided. 
The facts upon which this viewpoint is based can be explained 
satisfactorily by the ontogenetic interpretation outlined above. 
For example, it has been found that certain anatomical features 
(e.g., shape of epidermal, cells in Cratcego-Mespilus, Haberlandt 
(1926, 1927, 1930), Weiss (1930), number and shape of flower parts, 
and leaf shape) were either intermediate or different from those of 
the original forms ( cf . Weiss, 1930). 

Physiological interactions between the genetic properties of the 
component tissues will result in considerable morphological 
modification and physiological changes of the chimera when 
considered as a whole. It is known that in the artificial chxmaeras 
of Solanum the development of pigment in the flower or of chloro¬ 
phyll in the leaf is dependent upon the genetic properties of the 
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tissue underlying the cells of manufacture as well as upon the 
characteristics of these cells. In Pelargonium zonale, “Happy 
Thought,” having green edges to a yellow leaf, which is probably 
a periclinal chimaera of two layers of green cells over a yellow core, 
the outer parts of the leaf are green and the centre of the leaf is 
yellow. No green tissue can be detected overlying the yellow in the 
centre of the leaf. It was found, however, that if the green tissue is 
close to yellow tissue in “ Mrs. Pollock ” it is bleached and contains 
no chlorophyll. It is therefore probable that the centre of the 
leaves of “ Happy Thought ” are yellow through the bleaching 
effect of the yellow core upon the overlying green tissues 
(Chittenden, 1928). At the edges, there will be little or no yellow 
tissue at all. The fact that the distal edges of the leaf of many 
plants (spp. of Pelargonium, Veronica, Hydrangea, Spircea, etc.) may 
have a character distinct from the centre of the leaf is puzzling and 
has misled some workers. It should be remembered that at the 
centre of the leaf the tissues are derived from the same sources as 
the comparable tissues of the stem. At the periphery of the leaf the 
sub-epidermis and inner tissues are generally absent; the edges of 
the leaf are generally formed by tangential divisions of the 
epidermal layer. Naturally, the change-over from sub-epidermal 
to epidermal development of the leaf edge is not regular and 
anomalies such as islands of cells of sub-epidermal origin will some¬ 
times be found at the edge of the leaf among those of epidermal 
origin. Chittenden (1927) describes several peculiar chimeras 
[Pelargonium “ Freak of Nature,” P. zonale Variety “ A,” Spircea 
variegata, P. Golden Brilliantissima, Hydrangea hortensis nivalis and 
H . hortensis variegata) which may all be found to be of this nature. 

These and other peculiarities of chimaeras indicate that their 
behaviour is not so simple as the rough outline of the ontogeny 
would suggest. It appears that the interactions between genetically 
dissimilar tissues do induce changes in the morphological and 
physiological characteristics of those tissues. The mutability of 
the plastids must also be considered as a possible source of variation. 

One of the most interesting consequences of the chimaerical 
structure is that of differential reaction to fungal infection. Klebahii 
(1918) discovered that the reactions of the Solanum artificial 
chimaeras to Septoria lycopersici which attacks tomato but has little 
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effect on S. nigrum, were different. The following table illustrates 
the resistance to the fungal attacks :— 

Infection. Epidermal layers. 

S proteus .... Heavy Two layers of tomato. 

S. tubigense . . . . Slight One layer of tomato. 

S. Gairtnerianum . . . Slight Two layers of nigrum. 

S. Kcelreuterianum . • Heavy One layer of S. nigrum, 

S. Lycopersicum . . . Heavy Tomato. 

S. nigrum .... None to sli S. nigrum. 

It will therefore be seen that the presence of tomato or 5 . nigrum 
tissue in the epidermis and sub-epidermis determines the amount of 
infection by Septoria lycopersici which develops the fructifications 
in the sub-epidermis. 

Fischer (1912) inoculated Cratcego-MespUus Asnieresii and C-M. 
Dardari with Gymnosporangium clavariceforme , which affects the 
hawthorn but does not attack the medlar. In the first case the 
chimaera was slightly affected, while in the case of C-M. Dardari no 
infection was possible. C-M. Asnieresii, it will be remembered, is 
supposed to consist of two layers of Cratcegus over Mespilus , while 
C-M. Dardari has only one layer of Cratcegus. Other cases are 
given by Bond (1936). 

It is a well-known fact that a chimsera does not propagate itself 
from seed. It either gives rise to seedlings of one or more of the 
pure component tissues or it is sterile. 

The sub-epidermis generally gives rise to the egg and pollen, and 
the constitution of that tissue therefore controls the characteristics 
of the resulting seed. Examples of this phenomenon are to be found 
in Pelargonium, Myosotis, Solanum, etc. (cf. Chittenden (1926,1927), 
Bateson (1916-1925)). 

The adventitious stem cuttings from the roots of chimaeras are of 
endogenous origin. Therefore by taking cuttings it is possible 
to analyse the inner tissues of a periclinal chimera. Escot, a regal 
Pelargonium, has white-coloured grounds to the petals. The root 
cutting of Escot has pink-coloured petals. Seed from both Escot 
and the root cutting of Escot gives rise to white and to pink-flowered 
plants. This result is easily explained on the assumption that the 
tissue of Escot root cutting is heterozygous, pink being dominant to 
^hite flower colour. Escot gives rise to both pink and white 
progeny although it has the recessive white petals. This is due to 
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the fact that the sub-epidermis is of the constitution of the Escot 
root cutting. 

There are several peculiar cases where either the chimera is 
sterile or it does not give rise to seed of sub-epidermal origin. 
Sterility may be due to (1) prevention of fertilisation through 
interference with the normal processes of pollen tube growth by a 
stigma of different genetical constitution, or (2) the production of 
gametes of abnormal type. 

A striking example of the influence of tissues of dissimilar 
constitution upon fertility of a chimaera is seen in the artificial 
chimaera Solanum nigrum-sisymbrifolium-i which gives haploid 
S. nigrum plants from seed. It has been known for some time that 
when S. nigrum is pollinated by pollen from some other species of 
Solanum no fertilisation takes place, but that the stimulation of the 
pollination induces the development of the unfertilised egg. In the 
chimaera we may suppose that the pollen arising from the tissue 
of 5 . nigrum is unable to penetrate the style which is chimaerical in 
nature. The stimulation resulting from the pollination, however, 
induces the egg (of 5 . nigrum) tissue to develop without fertilisation. 
Hydrangea nivalis and Pelargonium Freak of Nature have sterile 
flowers although the component tissues are fertile either as plants 
of one tissue or in different chimaerical arrangements. (Chittenden, 
1925.) It is probable that these cases are similar to that of S. 
nigrum-sisymbrifolium although there is the possibility that 
abnormalities in embryo sac and pollen formation can be caused by 
the presence of two dissimilar tissues. Examples of the effect of the 
latter phenomena are probably to be seen in the female sterility of 
Cytisus Adami and Pelargonium Salmon Fringed. 

Those chimseras which form the mesophyll of the leaf edges from 
the epidermis and not from the sub-epidermis are either sterile or 
give seed of epidermal origin {Hydrangea hort. nivalis ; Chittenden 
(1925)) or give seed of both epidermal and sub-epidermal origin 
{Hydrangea hort, variegata ; Chittenden (1925)). On the established 
view that the carpel is of foliar nature it is to be expected that 
changes in the constitution of the leaf tissues will be reflected in the 
constitution of the ovule. Hydrangea variegata (green over white 
periclinal) is of particular interest, since Chittenden points out that 
seed taken from the branches whose leaves have numerous and 
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larger green lobes gives rise to more green plants than seed from 
branches whose leaves have fewer green lobes and more white edges, 
Mericlinal, periclinal and sectorial chimaeras occur in the frequency 
expected from anatomical investigations. For example, sectorials 
are more common than mericlinals in Monocotyledons and Dicotyle¬ 
dons with only two layers of bud initials, while mericlinals are 
frequent and sectorials are very rare in those Dicotyledons with 
more than two layers of bud initials. Modes of branching, leaf 
formation and flower development are reflected in the behaviour of 
the regular chimaeras. 

There are, however, a number of chimaeras which constitute a 
class by themselves. These irregular chimaeras, if they can be called 
chimaeras, raise problems not met with in the regular chimaera. 
Mosaics of colour, flaking of leaves, and petals are distributed as 
larger or smaller patches or flakes of colour in a ground of different 
type. The distribution as in Dahlia variabilis “ Union Jack/' may 
simulate a regular chimaera, but generally the flaking is irregular and 
cannot be classified by anatomical methods. Generally the cells 
in a mosaic plant differ regarding their content of anthocyanin 
pigment (. Antirrhinum , Dahlia , Delphinium, Primula , Lathy rus), 
but occasionally the pigment is a flavone (. Antirrhinum , Dahlia). 

A peculiarity of mosaic forms is that somatic segregation takes 
place at definite time in the life cycle in a particular part of the 
plant. In different plants and in different branches of one plant 
variation in the time of segregation, however, is frequent. Conse¬ 
quently, mosaics consisting of numerous isolated cells of mutant 
type are found when the segregation takes place late in the ontogeny 
of the leaf or petals. Large patches of one colour are found when 
the segregation occurs at a slightly earlier stage (see p. 120). 

It is curious that in most species a flower either has a fine mosaic 
of many isolated cells of mutant type or has a coarse mosaic of 
fewer but larger groups of cells of one type, and generally does not 
have a mixture of the two (coarse and fine mosaics). 

It would appear that the onset of the expression of the segregation 
process is controlled by definite time factors of the same nature as 
those known to control genetic factor action. 

As might be expected from the irregularity in the distribution of 
the dissimilar ceEs in one plant, sports to self-colour or to white or to 
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a finer or coarser mosaic form are frequent in these irregular 
" chimaeras.” Fine mosaics give rise more frequently to branches 
with flowers having apparently only the ground colour of the 
mosaic. Coarse mosaics are more unstable than fine mosaics and 
more frequently give rise to self-coloured forms (see p. 121). 

These phenotypic changes are generally but not always accom¬ 
panied by genetical change. In general the frequency in which the 
self-coloured white and mosaics of different grades occur in the 
progeny depends upon the types of mosaic exhibited by the parent. 
The mean and mode of the frequency of the type corresponds with 
the grade of the parent. 

Reference should be made to Chapter III for further examples of 
mosaics, and to Chittenden (1925), Imai (1936), and Krenke (1933) 
for a fuller discussion of the subject. 

It is imperative that more work be done upon mosaic forms in 
order to discover their relationship, if any, to regular chimaeras and 
to somatic crossing-over. Some peculiar cases of breeding behaviour 
may also be similar to these mosaic forms. Until the mosaic itself 
is understood, it is not profitable to utilise this explanation for such 
phenomena as that of Andersson-Kottd’s variegated ferns (see p. 146). 



CHAPTER V 

THE ORIGIN OF POLYPLOIDY 
Introduction — Somatic Doubling — Doubling during gametogenesis. 

Introduction. Each type of chromosome present in the basic or 
haploid complement of an organism is represented twice in the 
diploid form. If the haploid set be represented by n then the 
diploid number of chromosomes will be 2 n, the triploid 3 n, tetraploid 
4 n, and so on. The realisation that polyploid forms are extremely 
common in nature, has considerably changed the viewpoint of 
geneticists. The first reported case of tetraploidy under controlled 
conditions was that of the gigas mutant of CEnothera Lamarckiana 
which appeared in the cultures of de Vries. This plant was shown 
by Gates (1909) to have larger cells and larger nuclei containing 28 
chromosomes in place of the usual 14 of the diploid (Lutz, 1907). 
Since then numerous polyploids have arisen in experimental 
material. Among the best known are : Primula Kewensis (Newton 
andPellew, 1929 ), Raphanus-Brassica (Karpechenko, 1924,1927 a,b, 
1928), Solarium nigrum, Solanum Lycopersicum (Winkler (1916), 
Jorgensen and Crane (1927) and Jorgensen (1928)), Primula sinensis 
(Gregory (19x4), Gregory, de Winton and Bateson (1923) ),Nicotiana 
sp. (Clausen and Goodspeed (1925), Rybin (1927) and Brieger 
(1928a)), Crepis (Navashin, 19256), Phleum (Gregor and Sansome, 
1930), Musci (Marchals (1907) and Wettstein (1924a)), Datura 
Stramonium (Blakeslee, Belling and Farnham, 1923). 

In a diploid, the chromosome number of the gametophyte is 
haploid and generally corresponds with the basic number, except in 
certain cases generally known as diploids, which later will be shown 
to be complex or " secondary polyploids ” and not true diploids 
in the accepted sense of the word (see p. 222). In polyploids, 
however, the chromosome number of the gametophyte does not 
correspond to the basic number. For convenience 2 n is used to 
represent the somatic number and n the haploid or gametic number 
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of a particular plant, while x represents the basic number of the 
group to which the plant belongs. 

The lists of Tischler (1927,1931,1936) and Gaiser (1926, 1930 a,h, 
1933) give the chromosome numbers of several thousand flowering 
plants. These plants belong to about five hundred genera of 
diverse natural orders. About one-sixth of the genera included, 
consist of species which have straight polyploid numbers, i.e ., they 
are multiples of a common basic number x. For example, the 
species of Chrysanthemum have somatic numbers 18, 36, 54*, 72*, 
90*, i.e., x = 9 (Tahara, 1921). Solanum species have somatic 
numbers 24, 36, 48, 60,72, 96, c.a. 100,108, c.a. 144 therefore* = 12 
(j0rgensen (1928), j0rgensen and Crane (1927), YilmorinandSimonet 
(19270,6, 1928) ). In the first case the species with the highest 
chromosome number has ten sets of the basic number of the genus 
(decaploid). Other genera such as Solanum may have species with 
an even higher multiple number {cf. Wanscher (1934), Fernandes 

(1931) )• 

In a few cases the species of a genus may be divided into two 
distinct polyploid series. Pafiaver has species with chromosome 
numbers 14, 28, 42, 70, and 22, 44 (Ljungdahl, 1922, 1924), and the 
two basic numbers are * == 7 and * = 11. We shall see later that 
this diversity in the basic number is significant in defining inter¬ 
relationships. Winkler introduced the word heteroploid to include 
both the straight polyploids and those plants which have irregular 
numbers such as 2* +1, 3* — 1, etc. Tackholm (1922) further 
divided heteroploid numbers into euploid, i.e., straight polyploid and 
aneuploid, i.e , irregular numbers. 

It has been found that polyploids may originate in either of two 
ways. 

(1) By doubling of the chromosome number in the somatic tissue. 

(2) By formation of gametes containing either the unreduced 
number of chromosomes or at least containing more than the haploid 
complement of chromosomes. 

The genetical consequences of these two methods of doubling of 
the chromosome number may be different for the following reasons. 
Where the doubling takes place in the somatic tissue, the resultant 
polyploid form naturally contains a double complement of the 
* The haploid numbers were counted. 
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chromosomes and factors present in the original form. Hence there 
is no qualitative difference, but a quantitative difference in factor 
content between the diploid and its derivative tetraploid forms. On 
the other hand, formation of gametes with more than the haploid 
complement of chromosomes may or may not give a similar result to 
that of somatic doubling. If a gamete is formed by a division, in 
which the reduction phase, characteristic of meiosis, is nullified, and 
if this gamete is fertilised by one similarly formed in the same plant, 
then the resulting polyploid will have a chromosome constitution 
identical with that of a polyploid formed by somatic doubling. If 
on the other hand, polyploid gametes are formed in any other way 
the chromosome complement resulting from their union will be 



Fig. 29. Cell of Allium Cepa resulting from previous treatment 
with colchicine. Normal mitosis involving ±500 chromo¬ 
somes has restarted. (Levan, 193 S.) 


different from the complements arising from somatic doubling. 

Somatic Doubling. Evidence of the method of origin of particular 
polyploids is difficult to obtain among wild forms. Various methods 
for increasing the frequency of cells with a doubled number of 
chromosomes are now available. Randolph (1932) uses heat on 
the inflorescences of Z&a at the time the zygote is beginning to 
divide. This method has been found useful in maize, rye, barley 
and wheat (Muntzing, 1937). Tetraploid branches (2 n = 48) were 
produced on diploid Datura plants (2 n = 24), chiefly after cold 
treatment, and gave fertile tetraploid progeny (Blakeslee and 
Belling (19240,5), Blakeslee and Avery (1937) )• Treatment with 
chemicals such as chloral hydrate, quinine sulphate (Nemec, 1904, 
1910) produced irregularities in cell division from which cells with 
new chromosome numbers could originate. 

Colchicine, however, has been found to be the most effective 
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chemical to induce the formation of polyploids. Blakeslee, Avery, 
Nebel, Ruttle, Eigsti and Jones showed that water-immersion of 
seeds, sprays or lanolin pastes containing up to 0*4% of colchicine 
inhibited the separation of chromosomes at metaphase (Blakeslee 
and Avery (1927), Nebel and Avery (1938), Denham (1938), Levan 
( I 93^) )* Levan studied the behaviour of colchicine treated root- 
tips of Allium. The centromeres do not separate and no spindle is 
formed ; the chromosomes therefore lie in pairs scattered in the 
nucleus. After some delay these t are included in one cell to give 
rise to a cell with the double number of chromosomes. Several 
aberrant divisions may however take place giving rise to an increas- 



Fig. 30. The division of the centromeres within the pairs of 
chromosomes treated with colchicine. Allium Cepa a-b, 
k-l; A. fistulosum i-j, m-p. (Levan, 1938.) 

ing number of chromosomes in the daughter-cells. Obviously the 
relative rates of growth of cells with different chromosome numbers 
considerably control the production of shoots with those numbers. 
The method is one of considerable importance and should give 
valuable help in the future. 

Parts of the sporophyte (seta or sporogonium) of mosses can be 
regenerated on agar (Wettstein, 1924a) to produce a protonema 
(gametophytic generation) thus eliminating the normal reduction 
division ; therefore, a gametophyte with the diploid number of 
chromosomes is produced. This gives rise to a sporophyte with a 
tetraploid number. The process can be repeated to produce an 
octoploid, but in mosses as in other forms it is found that the vitality 
of forms with higher chromosome numbers is low. 

Polyploid forms of Solanum have been obtained as adventitious 

6-2 
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shoots from diploid plants. Jprgenson and Crane (1927), Jorgenson 
(1928) and Sansome (1930) developed Winkler’s method (1916) and 
found that decapitation of a rapidly growing young plant induced 
rapid regeneration on the cut surface. About 6% of the adventitious 
shoots thus formed had double the number of chromosomes of the 
original plant. Schavinskaya and Karpechencko report several 
instances of doubling of the chromosomes in the somatic tissue of 
Brassica species and hybrids with Raphanus and mustard. An 
octoploid cabbage has been obtained by this method. (See Bull. 
Appl. Bot. U.S.S.R. 7). 

Jprgenson (1928) suggested that tetraploid cells take their origin 
from the formation of binucleate cells by a nuclear division without 
the concomitant cell wall formation. This endo-duplication process 
has been histologically studied by Mather (Sansome, 1933) and by 
Lindstrom and Koos (1931) who show the presence of binucleate 
cells in the regions from which shoots with the doubled number of 
chromosomes would be formed. Changes in chromosome number 
are not of rare occurrence in the somatic tissue. Some examples of 
the occurrence of polyploid cells are referred to in Table 22. 

Table 22 


Occurrence of Polyploid Cells in Plants 


Crepis 

2 n 

4 n 

Navashin (1926) 

n 

2 n 

Hollingsliead (1930) 

Datura 

n 

2 n 

Blakeslee and Avery 
( 1937 )- 

>i • * * 

2 n 

4 n 

Satina, Blakeslee and 
Avery (193 7 ). 

Kniphofia . 

2 n 

Sn 

Moffett (1932). 

Lycopersicum 

2 n 

4 n & 4W + 4 

M. Lesley (1925). 

Narcissus . 

2 n 

2w + i 

Philp (unpub.). 

Nicotiana - 

2 n 

4 n 

Webber (1930). 


n 

2 n 

Buttle (1928). 

Disum sativum . 

2 n 

2 W-J-I 

Strasburger (1907). 

Primula sinensis. 

2 n 

4 n 

Philp (unpub.). 

Rubus 

3 n 

6n 

Crane and Darlington 
(1927). 

Darlington (1926). 

S cilia. . 4 4 

2 n 

2 n+l 271-1 

Sorghum 

2% 

4 n 

Huskins and Smith 
(1932). 

Spinacia 

2 n 

4 % 

Stomps (1910), de 
Litardiere (1923). 

Tragopogon pratensis . 

2 n 

471 

Winge (1917). 
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Aquilegia chrysantha X A. nana , Skalinska (1935). 

Brassica Napus x B. campestris. Frandsen and Winge (1932). 

Datura species. See Blakeslee and Avery (1937). 

Lycopersicum esculentum . Jorgenson and Crane (1927), Sansome 
(1930, 1933), Lindstrom and Koos (1931), Lesley and Lesley (1930). 

Nicotiana. Clausen and Goodspeed (1925). 

Primula Kewensis. Newton and Pellew (1929). 

Solanum species. J0rgenson (1928), Winkler (1916). 

Vida macrocarp a x V.sativa. Sveschnikova (1929). 

Zea Mays. Randolph (1932). 

Nicotiana glauca X Tabacum. Sarana (1935). 

It has been found that a considerable proportion of the twin 
seedlings of Gramineae have one member of the twin with 50% more 
chromosomes, i.e., a diploid parent will give a triploid (Miintzing, 
1937). Haploids have been found among the twin seedlings of 
cotton, flax and Datura (Satina, Blakeslee and Avery (1937), 
Harland (1936), Kappert (1933)). 

It is worth noting that some species such as Datura , Viola and 
Nicotiana show considerable chromosome changes, whereas other 
species, such as Antirrhinum, do not appear to have such striking 
chromosomal variations. 

The origin of the tetraploid Primula Kewensis is a good example 
of the doubling of the chromosome number in the somatic tissue. 
It was first reported by Digby (1912) and later by Newton and 
Pellew (1929). The sterile diploid hybrid between P. floribunda 
(2 n = 18) X P. verticillata (2 n — 18) produced one branch with 
fertile flowers. Tetraploid offspring (2 n = 36) which bred approxi¬ 
mately true were obtained from this branch, which had double the 
chromosome number of the rest of the plant tissue. 

Nicotiana glutinosa (2 n = 24) X N, Tabacum var. purpurea 
(2 n = 48) normally gives sterile triploid hybrids. Clausen and 
Goodspeed (1925), however, found one F x plant which set seed when 
selfed artificially, but not when naturally pollinated. The selfed 
progeny were found to be hexaploids (2 n = 72), and were also 
reasonably self-fertile and cross fertile with the parent species. 
These workers believed that this particular F x plant had doubled 
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its number of chromosomes soon after fertilisation and therefore had 
become a hexaploid. This hexaploid is known as N. digluta . 

Doubling in gametogenesis. Polyploids more frequently originate 
by irregularities of meiosis in the parents than from doubling of the 
chromosomes in the somatic tissue. Cytological evidence as to the 
methods of origin of polyploid gametes is abundant (see Darlington, 
19300,1937). These may be grouped under three heads :— 

(a) N ullifi cation of the first or second division of meiosis. 

(i b ) The formation of binuclear germ-mother cells—syndiploidy. 
(c) The first division of meiosis is completely suppressed. 

It is not within the province of this book to analyse the many 
known cases where irregularities of gametogenesis have occurred. 
Darlington (1937, Chapter VI and Chapter X), deals fully with the 
data. The facts, however, may be summarised in so far as they 
bear on genetical problems. 

The first type of abnormality—nullification of the first or second 
division of meiosis—arises generally through the presence of one or 
more chromosomes on the equator of the metaphase spindle between 
the two anaphase groups. The separation of these groups is thus 
prevented. Lagging of chromosomes on the spindle at the first 
division may arise from reduced bivalent formation at prophase, or 
from irregular association of chromosomes caused by inversions or 
other structural changes. Lack of metaphase pairing can be due to 
genetical causes, low chiasma frequency, lack of homology or to 
structural causes. Lagging of chromosomes at the second division 
may result from a previous equatorial separation at the first 
division or from genetical or structural causes. 

Beadle and McClintock (1928), Beadle (1930, 1932, 1933) in Zea, 
Satina and Blakeslee (1935), Bergner (1935) in Datura , Gregory 
(3:905), Faberge (1937) in Lathyms odoratus , Roller (1938) and 
Sansome (unpub.) in Pisum sativum , describe abnormal meiotic 
phenomena which are determined by genes and lead to unusual 
numbers of chromosomes in the gametes. These genes interfere 
either with chiasma formation, Beadle (1933), Sansome (unpub.), 
with retention of chiasmata until metaphase, Fabergd (1937), or 
with cell wall formation, or with normal disjunction by causing 
the chromosomes to be sticky (Beadle). Low chiasma frequency 
leading to irregular disjunction is found in some hybrids. 
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Abnormalities in gametogenesis have been induced by artificial 
means, such as low temperature and chemical action. The literature 
on this subject has been reviewed by Winkler (1916). Later 
experiments and observations have been carried out by Sakamura 
(1920), Borgenstam (1922), de Mol (1923 a,b), Michaelis (1926), 
Sakamura and Stow (1926), Stow (1926) and Shimotomai (1927). 
De Mol for example induced the formation of diploid pollen grains in 
the hyacinth and obtained triploid progeny by their use on diploid 
plants. 

These cytological abnormalities are sometimes localised upon the 
plant (Primus, Darlington (1930a), Digitalis , Buxton and Newton 
(1928) ) and are probably due to environmental influences. 

The second type of irregularity, “ syndiploidy,” does not appear 
to be directly connected with failure of pairing, or with hybridity, 
since it occurs, both in hybrids such as Rafihanus-Brassica , and in 
non-hybrid material (Maize, Beadle, 1931). 

The consequence of syndiploidy is that diploid gametes are 
produced, or, when in addition, the first division is nullified, dyads 
of spores are formed each with the tetraploid number of chromo¬ 
somes. 

The third type of abnormality is cytologically distinct from the 
first type in that the first division is completely suppressed, and not 
the result of a first division being nullified. 

Polyploid gametes, or rather aneuploid gametes, may be formed 
as a result of further irregularities in the above three main types of 
abnormal behaviour. For example, in the first type all the 
chromosomes may not be included in the “ restitution nucleus.” 
Each chromosome and its homologue has the potentiality of 
anomalous behaviour, independently of the remaining chromosomes. 
Hence, opportunity is given for the production of gametes with 
more or less than the normal reduced chromosome number. 

The genetical consequences resulting from the three types of 
abnormality are different. 

In syndiploidy pairing and disjunction of all or any of the 
homologous chromosomes can take place, and therefore the resulting 
nuclei may be different in factor content, from one another and from 
the original parent. In the two remaining types no heterotype 
division takes place, or if it does the result of the division is nullified 
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by the inclusion of all the separated chromosomes within one 
nucleus. Therefore in these two types of abnormality, there is no 
qualitative change of the chromosome complement from that of the 
somatic complement of the parent. There may, however, be a 
quantitative change such as the formation of a tetraploid gamete 
when the somatic tissue is diploid. 

Naturally inference plays a large part in deciding the mode of 
origin of polyploid gametes. The cytology of the parent will 
sometimes throw light on this question, but often the decision 
depends on the behaviour of the succeeding derivative polyploid 
plants themselves. For this reason there are only a few cases in 
which the evidence is adequate to decide the exact mode of origin 
of a special polyploid gamete. 

The following are examples of polyploids which have arisen in 
experimental interspecific hybrid material from hybrid F x plants 
(the hybrid Raphanus-Brassica is, of course, intergeneric). We 
shall divide them into two classes : (a) those polyploids which have 
arisen through the fusion of two unreduced gametes and are fertile, 
(b) those which have resulted from the fusion of an unreduced egg 
with a normal pollen grain. In interspecific hybrids of Digitalis, 
Raphanus-Brassica, Phleum, Nicotiana and Fragaria we have 
examples of the first class. 

Digitalis purpurea (2 n = 56) X D. ambigua (2 n — 56) gave 
practically sterile Fj hybrids (2 n = 56) and their selfed progeny 
had double the chromosome number (2 n = 112) (Buxton and 
Newton, 1928). 

On crossing Raphanus sativus (2 n = 18) with Brassica oleracea 
(2 n = 18) Karpechenko (1924, 192 ja,b, 1928), obtained hybrids 
with 18 somatic chromosomes. Most of these hybrids were self- 
sterile, but a few were slightly fertile and gave an F 2 progeny con¬ 
sisting mainly of tetraploids (2 n = 36), a few hypertetraploids 
(2 n = 37-38) and a few with approximately the hexaploid number 
(2 n = 54). 

Phleum pratense (2 n = 14) x Phleum alpinum (2 n — 28) gave 
almost sterile triploid hybrids (2 n = 21), but Gregor and Sansome 
(1930) succeeded in raising a progeny of four plants which were 
hexaploid (2 n = 42). 

Lammerts (1931) found that most of the F 2 progeny from the 
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triploid hybrid Nicotiana rustica (zn = 48) X N. paniculata 
(2 n = 24) were approximately hexaploid with about 72 chromo¬ 
somes. 

By selling the F x hybrid of the cross Fragaria bradeata (2 n = 14) 
X F. Helleri (2 n = 14) Ichijima (1926, 1930) obtained a tetraploid 
plant (2 n = 28). 

In all these cases, the respective authors have obtained cytological 
evidence indicating that the F x produces unreduced gametes. It 
is noteworthy that except for Fragaria the F x hybrids were more 
or less sterile. This is largely due to abnormal meioses, leading 
to the production of unbalanced gametes (see p. 15). Doubling 
of the chromosome number of these sterile hybrids has resulted in 
normal meiosis and hence normal fertility. Further, the tetraploids 
of Digitalis and Raphanus-Brassica were almost identical mor¬ 
phologically with the diploid hybrids. The tetraploid Fragaria 
breeds approximately true and is probably of the same nature as 
Primula Kewensis in being an allotetraploid with predominant 
autosyndesis (see p. 198). 

In the second class we have Galedpsis pubescens (zn = 16) X 
G . speciosa (zn = 16) which gave highly sterile F L plants (zn = 16). 
Six F 2 plants consisted of five diploids and one triploid (zn = 24) 
(Miintzing, 1930a). F x hybrids of Salix viminalis (zn = 38) x 
5. caprea (zn = 38) were found by Hakansson (1929a) to have 38 
somatic chromosomes. The F 2 plants were diploids with the 
exception of two which were heteropioids. One was a triploid 
(2 n — 57) and the other was the sterile hypertetraploid (zn=Sz —84) 
known as S. Laurina. This example is almost identical with that 
of Galeopsis. 

Brieger (1928a) crossed the tetraploid Nicotiana Tabacum (2^=48) 
with the diploid N. Rusbyi (zn — 24) and obtained triploid hybrids 
with 36 chromosomes. The hybrids back-crossed with N. Tabacum 
gave among their progeny one pentaploid (zn = 60) and one plant 
containing approximately 55 chromosomes. 

In all these F x hybrids irregularities were observed at meiosis, 
e.g., fusion of the homotypic spindles, giving rise to unreduced 
gametes so that without doubt these polyploids arose through 
fertilisation of an unreduced egg with a normal pollen grain. It is 
probable that 24 of the 55 chromosomes of the Nicotiana plant are 
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derived from the male parent N. Tabacum , while the remaining 31 
are derived from the triploid hybrid. 

The following group of polyploids are those which have arisen 
directly from a cross and they all belong to the class in which an 
unreduced egg has been fertilised by a normal pollen grain. 

Nicotiana Tabacum (2 n = 48) when crossed with the diploid 
N. sylvestris (2 n = 24) gave 50 F x plants of which 49 were sterile 
triploids (2 n = 36) and one was a fertile pentaploid (2 n = 60) 
(Webber, 19306). Nicotiana Tabacum var. Dubek (2 n = 48) x 
N. rustica (Turkestan var. Kolmak) (2 n ~ 48) gave two self-sterile 
hybrids (Eghis, 1927). One of these hybrids TR X was found by 
Rybin (1927) to be a hexaploid (2 n = 72). TR X was fertile when 
crossed with other varieties of N, Tabacum or with varieties of 
N. rustica. TR X X N. rustica var. texana gave five plants, of which 
one 0156/256 proved to be an octoploid with 96 chromosomes. 
0156/256 was self-fertile and like TR X was cross fertile with other- 
varieties of N, Tabacum and N. rustica. 

The pollination which gave rise to TR X was carried out during 
cold weather in autumn and that giving rise to 0156/256 just after 
an abrupt fall in temperature. Low temperature has led to the 
production of unreduced gametes in Nicotiana Tabacum var. Dubek 
and in other species, and it is therefore concluded that this is the 
explanation of the origin of these polyploid Nicotiana plants. From 
the following evidence it is believed that the extra chromosomes of 
TR i and 0156/256 are derived from the respective female parents. 
TRi shows greater similarity to N. Tabacum than the tetraploid 
hybrids of the reciprocal cross (- i.e ., TR X = 48T + 24R). 

The sister plants of 0156/256 were intermediate between N. 
Tabacum and N. rustica , while 0156/256 resembled N. rustica more 
so than TR X (i.e., 0156/256 = 48T + 48R). 

Similar results to those obtained by Eghis and Rybin with their 
Nicotiana hybrids have been found in Galeopsis. The triploid hybrid 
Galeopsis pubescens-speciosa (2 n = 24) previously mentioned, when 
back-crossed with G. pubescens (2 n — 16) produced a single fertile 
tetraploid plant (2 n = 32) (Miintzing, 19306). 

Fusion of the homotypic spindles was observed in meiosis of the 
triploid, thus providing evidence for the production of unreduced 
gametes. The tetraploid, like the triploid, was morphologically 
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undistinguishable from G. Tetrahit . Meiosis was normal and in 
genetical behaviour like G. Tetrahit . It was self-fertile and crossed 
readily with G. Tetrahit , but reciprocal crosses with its ultimate 
ancestors G. pubescens and G . speciosa gave no seed. The tetraploid 
derivative is therefore similar to the Linnean species G. Tetrahit , 
but it has been produced experimentally. 

Rubus rusticanus inermis (2 n = 14) x R. thyrsiger (2 n — 28) 
gave three hybrid plants referred to as RT 2 , RT 3 and RT 4 . The 
first two were sterile triploids (2 n = 21) while RT 4 was a fertile 
tetraploid (2 n = 28) (Crane and Darlington, 1927). 

Diploid gamete formation has not been observed in R . rusticanus , 
but it has been seen in a related Rubus species. It is believed that the 
tetraploid RT 4 probably arose by fusion of an unreduced egg of the 
female diploid parent R. rusticanus with a normal diploid pollen- 
grain of the tetraploid male parent R. thyrsiger for the following 
reasons. The triploid sister plants of RT 4 approached the tetraploid 
parent in type while RT 4 exhibited four characters which were only 
shown by the diploid parent ( i.e ., RT 4 = 14R + 14T). 

The following polyploids have arisen spontaneously within a 
diploid species. The first class has presumably arisen from the 
union of two unreduced gametes. Rlakeslee, Belling and Famham 
(1923) first discovered a tetraploid Datura Stramonium (2 n = 48) 
in 1916 among the progeny of the diploid species (2 n — 24). In 
1919 five and possibly six more tetraploids were discovered. 
Tetraploid forms of Primula sinensis (2 n = 48) were found among 
a batch of diploid plants by Gregory (1914) and Somme (1930). 

The second class have probably resulted from the fusion of an 
unreduced egg with a normal pollen grain giving triploids. Among 
their cultures of Zea Mays (2 n = 20) Randolph and McClintock 
(1926) found one triploid plant (2 n = 30). Similarly, Lesley and 
Lesley (1930) found three triploids (2 n = 36) amongst about 9,000 
normal diploid tomato plants (2 n = 24). Triploids appear to arise 
more frequently in progeny of plants with an unbalanced chromo¬ 
some number since six triploids were found among 2,000 plants in the 
progeny of trisomic plants (see p. 223). 

In the progeny of a plant of Crepis capillaris (28) Navashin 
(1925&) found one triploid (2 n = 12) and one pentaploid (2 n = 20). 

It is difficult to obtain cytological evidence for the production of 



THE ORIGIN OR POLYPLOIDY 


172 

unreduced gametes in normal diploids since meiosis is generally 
regular. Further, the comparatively rare occurrence of polyploids 
indicates how seldom an abnormality occurs in meiosis. In maize 
cultures, however, a few cases of binuclear microsporocytes con¬ 
taining 20 bivalents at first metaphase have been observed. Low 
temperature is known to cause the production of unreduced gametes, 
and this may be the reason for the production of a diploid and 
tetraploid gamete by the Crepis plant which had been grown under 
abnormal climatic conditions. In Datura the fact that most of the 
tetraploids appeared in one season also makes one suspect a similar 
environmental cause for the formation of diploid gametes. More¬ 
over, the genetical constitution of the diploid parents and of the 
tetraploids showed that the reduction division had taken place 
before the origin of tetraploidy. The possibility of apogamy of a 
4* egg cell as suggested by Gates (1915) for the origin of tetraploids 
in (Enothera is therefore eliminated and likewise the possibility of 
apomixis: It appears likely that doubling of the chromosome 
number in Datura happened soon after the reduction division, but 
there is also the possibility that it took place very early in the 
zygote. 

Darlington (1931c) has summarised the pertinent facts regarding 
the origin of tetraploids in Primula sinensis. He points out that 
the absence of spontaneous triploids as in Datura, suggests somatic 
doubling to be the origin of some tetraploids. The literature key 
contains a few examples of the origin of polyploidy. 



CHAPTER VI 


AUTOPOLYPLOIDS 

Introduction — Cytology — Characteristics — Segregation — Quantitative 
Expressions — Linkage. 

Introduction. In a polyploid with more than two sets of chromo¬ 
somes the possibilities at meiosis are more complex than in diploids. 
If the polyploid is composed of reduplicated sets of the normal 
diploid complement as in the somatically doubled tetraploid tomato, 
where the four sets are all homologous, pairing and the consequent 
disjunction may take place between parts of any two of four 
homologous chromosomes. This autopolyploid, adopting Kihara 
and Ono’s terminology, differs from an “ allopolyploid ” where 
dissimilar sets of chromosomes are included in one plant. The 
tetraploid Primula Kewensis contains two sets of P. verticillata and 
two sets of P.fioribunda chromosomes, and is therefore an allopoly¬ 
ploid. In autopolyploids only autosyndesis (i.e., pairing of chromo¬ 
somes of similar sets or descent) can take place, but in allopolyploids 
both auto- and allosyndesis can occur. For example, in the hybrid 
between Papaver striatocarpum (2 n = 70) andP. nudicaule (2 n = 14) 
Ljungdahl (1924) found that 21 bivalents were formed. This is 
assumed to result from internal pairing among the striatocarpum 
complement (autosyndesis) and pairing of the complement of 
nudicaule with 7 of the striatocarpum chromosomes (allosyndesis). 

With the discovery of the prevalence of structural changes, the 
phylogenetical and autosyndetic relationships of chromosomes may 
not be so well defined as they were thought to be a few years ago. 
It is possible for example for simple structural changes to isolate 
chromosomes of a common origin from one another, or by other 
changes to induce “ autosyndesis ” in formerly allosyndetically 
pairing chromosomes. Therefore it is expected and found that all 
degrees of" homology ” are found in polyploids. 

In the allotetraploid Primula Kewensis the verticillata chromo- 
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somes generally pair among themselves and the floribunda 
chromosomes do likewise (autosyndesis), but Newton and Pellew 
(1929) found that occasionally four chromosomes were associated, 
indicating that two of the verticillata and two of the floribunda 
chromosomes had together formed a quadrivalent (allosyndesis). 
Only autosyndesis occurs in the allopolyploid Nicotiana digluta 
(Clausen and Goodspeed, 1925), which contains two sets of N. 
Tabacum chromosomes and two sets of N. glutinosa chromosomes ; 
24 Tabacum bivalents and 12 glutinosa bivalents are formed. 

These types of pairing—auto- and allosyndesis have a definite 
effect on the segregation of characters. The genetics of auto¬ 
polyploids in which only autosyndesis occurs will be dealt with 
first. 

Cytology. The cytology of autotetraploids on which genetical 
work has been done, is known for Primula sinensis (Somme (1930), 
Darlington (1931c)), Datura Stramonium (Belling and Blakeslee 
(1923,1924a); (Blakeslee, Belling andFamham (1923)) and Solanum 
Lycopersicum (Jorgensen (1928); Lesley and Lesley, (1930); Upcott, 
(1933)). Lawrence (1929,1931a) has described the behaviour of the 
chromosomes in the allo-octoploid Dahlia variabilis, which shows 
tetrasomic inheritance for some characters. 

The formation of quadrivalents as well as bivalents at heterotypic 
metaphase may lead to the occasional production of gametes with 
more or less than the 2.x number of chromosomes. Further, instead 
of one chromosome pairing with another and then disjoining to the 
opposite pole as in a bivalent (normal disjunction) the formation 
of a multiple association of four chromosomes will sometimes lead 
to chromosomes or parts of chromosomes which have paired at 
prophase going to the same pole at anaphase (non-disjunction) (see 
p. 15). Non-disjunction in a quadrivalent can give rise to two types 
of abnormalities in the formation of gametes, both of which affect the 
heritable constitution of the gametes. Either there may be an 
unequal numerical distribution of the chromosomes to the gametes, 
i.e., numerical non-disjunction, (vide Darlington, 1931c), or genetical 
non-disjunction where the gametes have the 2* number of chromo¬ 
somes, but some parts of the chromosomes which had paired appear 
in the same gamete instead of in different gametes. 

AU the chromosomes of the tetraploid Datura may form quadriva- 
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lents, but the average for Primula sinensis is 10*4 quadrivalents and 
3-2 bivalents (Darlington, 1931c). j0rgensen (1928) found only one or 
two quadrivalents in his somatically doubled tomato, but the Lesleys 
(1930) found 7-12% quadrivalents in a tetraploid tomato raised from 
seed. Darlington has suggested that the differences in quadrivalent 
formation between the above genera are due to differences in the 
frequency of chiasma formation in the species. Datura has a 
higher frequency of chiasma formation than Primula sinensis. It 
is therefore to be expected that more complex multiple associations 
will be formed in Datura than in Primula sinensis. This suggestion 
is supported by the fact that certain complicated configurations of 
chromosomes which require six chiasmata for their occurrence are 
found in Datura but not in Primula sinensis. 

A statistical count of chromosome numbers in Datura and 
Solanum was made by Blakeslee, Belling and Famham and the 
Lesleys, respectively. In Datura out of 243 pollen mother-cells 
examined 70% had the normal 24-24 distribution and 30% had 
23-25, while 22-26 and 21-27 were only found rarely. In tomato 
23-25 was found in 22% of cases and 22-26 in 6% of cases out of 49 
second divisions examined. j0rgensen, on the other hand, found 
great regularity of the 24— 24 distribution in his tomato material. A 
study of the chromosome numbers in pollen grains of triploid 
Hyacinthus has also been made by Belling and by Darlington (see 
Darlington, 1926). 

Meiosis in Primula sinensis was found to be fairly regular (Somme 
(1930); Darlington (1931c)). Non-disjunction of chromosomes was 
observed and giant cells were sometimes found at the second 
division. A statistical count of the numbers of chromosomes present 
at the second division has not been made, but it may be assumed 
that, as in Datura , the amount of numerical non-disjunction will not 
appreciably affect the genetic results. In the case of Dahlia 
variabilis meiosis and numerical disjunction is remarkably regular. 

General Characteristics. The increased vegetative vigour of the 
tetraploid as compared with the diploid is generally noticeable, but 
the 4% Primula obconica (Philp, unpub.) is an exception to this rule. 

The tetraploid form of Primula sinensis is in every respect a 
coarser and bigger plant than the diploid form from which it arises 
but otherwise closely resembles it (Gregory, de Winton and Bateson, 
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1923). In this respect it differs from the tetraploid Datum which 
has characters not common to the diploid form, such as spherical 
instead of ovate capsules and broader leaves (Blakeslee, Belling and 
Famham, 1923). The tetraploid form of Campanula persicifolia 
has a shallower corolla than the diploid form (Gairdner, 1926), and 
in Solanum Jorgensen (1928) and Sansome (193°) that the leaf 
shape of the tetraploid is distinctly different from that of the 
diploid. Like the tetraploid forms of Datura and Solanum the 
tetraploid P. sinensis is much less fertile, produces distinctly bigger 
pollen grains and more bad pollen than the diploid form. 

D arlin gton pointed out in 1928 that there was a correspondence 
between the fertility of a diploid and its polyploid derivative 
dependent on the chromosome behaviour. 

There is an inverse correlation between the fertility of the diploid 
and derivative polyploid. Doubling of the chromosome number in a 
sterile hybrid generally results in a return to fertility in the polyploid. 
This is because the chromosomes can pair and behave normally in 
meiosis giving normal gametes. If the diploid, e.g., P. Kewensis 


Seed production of the 
Plant with the Lower 
Chromosome number. 


Seed production of 
Polyploid derivative. 


Raphanus-Brassica (Karpechenko, 
1927). 

Phleum pratense X P. alpinum (Gregor 
and Sansome, 1930). 

Digitalis purpurea x D. ambigua 
(Buxton and Newton, 1928). 

Solanum Lycopersicum (Sansome 
unpublished). 

Datura Stramonium (Blakeslee, Belling 
and Farnham, 1923). 

Primula sinensis (Somme, 1930) 

Primula sinensis (Darlington, 1931) . 

Campanula persicifolia (Gairdner and 
Darlington, 1932). 


45 P er plant 

46 in 500,000 
flowers, 4 ger¬ 
minated. 

200 seedlings 
from 2 plants. 

100 per fruit. 

352 per fruit. 

12*6 per !ruit. 

32*2 per iruit. 

325 per fruit. 


30 per pod. 

over 400 per plant, 
90% germination. 

400 per capsule. 

20 per fruit. 

70 per fruit. 

9*o per fruit. 

23*2 per fruit. 

150* per fruit. 


* In the original paper the number 130 was given in error. 


(2x), is made up of two different sets of chromosomes the plant will 
be practically sterile since the gametes produced will result from the 
random assortment of chromosomes in an irregular meiosis. When 
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this diploid becomes tetraploid, however, it will be fertile, since 
autosyndesis will take place and give rise to bivalents at metaphase, 
with the consequent regular production of viable balanced gametes. 
e.g., tetraploid P. Kewensis. When the diploid is fully fertile the 
derivative tetraploid will be less fertile, since too much similarity in 
each group of four chromosomes introduces competition in pairing, 
therefore non-disjunction will occur, giving rise to unbalanced 
gametes. 'The seed production of diploids and tetraploids given 
above indicates this inverse correlation. This explains why allo¬ 
polyploids are much more widespread in nature than autopolyploids. 
Any change which differentiates the chromosomes from one another 
will lead to bivalent formation (allopolyploidy) and to increase in 
fertility. Such a change will therefore be favoured by selection 
(see Muntzing, 1936). 

INHERITANCE IN AUTOTETRAPLOIDS 

Recently tetraploid inheritance has been studied in Datura 
Stramonium , Blakeslee, Belling and Famham (1923) ; Dahlia 
variabilis , Lawrence (1929, 1931a); Lawrence and Scott-Mon- 
crieff (1935); Primula sinensis , Somme (1930) and de Winton 
and Haldane (1931) ; tomato, Sansome (1933); Zea Mays , 
Randolph (1932). Autotetraploid inheritance with random pairing 
between four chromosomes, two at a time, followed by regular 
disjunction to opposite poles of those chromosomes which have 
paired, gives rise to more complex ratios than in diploids, but 
(as in diploids) the gametic output obeys the laws of chance and is 
amenable to mathematical calculation. Muller (1914) and Lawrence 
(1929) calculated the gametic series to be expected on the above 
conditions for tetraploids and octoploids. Muller (1914) * n con¬ 
sidering Gregory's results showed that the assortment of the 
homologous chromosomes in the autotetraploid must be at random 
thus leading to a random assortment of factors to the gametes. 

Using the accepted terminology of Blakeslee, Belling and 
Famham, with respect to one factor S, there are five possible types 
of zygote in the tetraploid, quadruplex SSSS, triplex SSSs, duplex 
SSss, simplex Ssss and nulliplex ssss, whereas in the diploid there 
are only three possible types SS, Ss and ss. 
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If these factors in the tetraploid are assorted at random two at a 
time, a duplex plant SSss will have a gametic output of iSS : 4SS : 
iss. The possible combinations may be represented diagramatically 
thus:— 

X s 

Such a plant on selfing would give a progeny of (iSS 48s iss) 2 or 
iSSSS, 8SSSs, i8SSss, 8Ssss, issss. 

Table 23 


Tetrasomic Inheritance of an Allelomorphic Pair [A, a) in 
Tetraploid Daturas ; Formulae for Parents , Gametes , and 
Offspring (Blakeslee, Belling and Farnham , 1923). 
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Where the dominance of a factor over its allelomorph is com¬ 
plete, e.g. t short style over long style in Primula sinensis , the 
phenotypic ratio when a duplex plant is selfed is 35 :1. Back- 
crossing such a plant to the recessive will give a ratio of 5 :1. 

Table 23 shows the gametic output and zygotic ratios expected 
in autotetraploid plants. Considering one factor there is only 
one heterozygote in a diploid, and when dominance is complete, 
on selfing or intercrossing and back-crossing, it can only give two 
phenotypic ratios 3 : 1 and 1:1. In an autotetraploid, on the other 
hand, there are three heterozygotes and five possible phenotypic 
ratios 35 : 1, 11: 1, 5 : 1, 3 :1 and 1:1. Consequently, in breeding 
from heterozygous tetraploids, a much larger progeny must be 
grown in order to obtain the recessive form as compared with that 
required to be grown from a heterozygous diploid. 


Table 24 

Tetrasomic Inheritance in the Octoploid Dahlia variabilis 
(Lawrence, unpublished,) 


Cross. 

Number 

of 

Families. 

Theoretical 

ratio. 

Observed. 

Dominant. Recessive. 

Calculated. 

Dominant. Recessive. 

Dev. 

or 

A 3 a 

X a 4 

4 

00 A : oa 

180 : 

0 

180 

O 

_ 

A 2 a 2 

X A 2 a 2 

2 

35A : ia 

85 = 

1 

83*6 

2*4 

0*91 

A 2 a 2 

X a 4 

7 

5A : ia 

221 : 

44 

220-8 

44*2 

0*02 

Aa 3 

X a 4 

2 

iA : ia 

99 : 

11 5 

107*0 

107*0 

1*09 

a 4 

X a 4 

47 

oA • co a 

0 : 

2,327 

O 

2,327 

— 

B 3 b or B 4 x B 2 b 2 

2 

00 B : ob 

72 : 

0 

72 

0 

— 

B»b or B 4 X b 4 

1 

00 B : ob 

92 : 

0 

92 

0 

— 

Bab 2 

X b 4 

4 

5B:ib 

237 : 

44 

234-2 

46*8 

0*45 

Bb 3 

X b 4 

9 

iB : ib 

3°9 : 

314 

3 H *5 

3 H *5 

0*20 

•>4 

X b 4 

46 

oB : 00 b 

0 : 

2,004 

O 

2,004 

— 


X Y 2 y 2 . 

5 

00 Y: oy 

444 : 

0 

444 

0 

— 


x Yy 3 . 

3 

00 Y : oy 

259 : 

0 

259 

0 

— 

v # 

x y 4 

4 

00 Y : oy 

373 : 

7 * 

385 

0 

— 

Y 2 y 2 

X Y 2 y 2 . 

1 

35Y : iy 

107 : 

3 

106*9 

3 -i 

0*02 

Y 2 y 2 

X Yy 3 . 

5 

11Y : iy 

5 i 3 : 

50 

516*1 

46*9 

0*46 

Y 2 y 3 

X y 4 

21 

5 Y:xY 

708 : 

169 

730-8 

146*2 

2*11 

Yy, 

x Yy 3 . 

7 

3Y : xy 

411 : 

118 

396-8 

132*2 

1*42 

Yy 3 

X y 4 

16 

xY : iy 

488 : 

472 

480*0 

480*0 

0*51 

y * 

x y 4 

14 

oY : 00 y 

0 : 

558 

O 

558 



* Recessives arising from double reduction. 
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Haldane (1930a) has given a general method for the calculation of 
the gametic output of any autopolyploid in which the factors are 
distributed at random to the gametes in the above manner. The 

Table 25 


Cross. 

Number 

of 

Families. 

Theoretical 

ratio. 

Observed. 

Dominant. Recessive. 

Calculated. 

Dominant. Recessive. 

Dev. 

<r 

Datura 

Stramonium 
A d ora, xA*ora. 

9 

00 A : oa 

1,897. 

0 

1,897 : 

0 


A 4 ora 3 X A 2 a 2 
and reciprocal 

5 

00 A : oa 

439 

0 

439 : 

0 

_ 

A 4 or a 3 X A r a 3 . 

9 

00 A : oa 

747 

7 

754 : 

0 

— 

A 4 or a 3 X a 4 

6 

00 A : oa 

257 

6 

263 

0 

— 

A 2 a 2 X A 2 a 2 

13 

35A : ia 

3.383 

118 

3 . 403*7 

97*3 

3*15 

A 2 a 2 X A x a 3 and 
reciprocal 

6 

11A : ia 

319 

32 

321*7 

29*3 

o *77 

A 2 a 2 x a 4 

10 

5A : ia 

518 

137 

545-8 

109*2 

4.32 

A x a 3 x Aia 3 . 

9 

3A : ia 

1.337 

570 

1,430-2 

476-8 

7*3 

Aia 3 x a 4 

6 

iA : ia 

144 

144 

144 

144 

0*00 

P 4 orP 3 p X P 4 or 
p 3 p 

5 

00 P : op 

1,201 

0 

1,201 

0 


P 4 or P 3 p X P 2 p 2 

and reciprocal 

3 

00 P : op 

128 

0 

128 

0 

_ 

P 4 orP 3 p x PjP 3 

1 

00 P : op 

75 

0 

75 

0 

— 

P 4 orP 3 p x p 4 . 

6 

00 P : op 

532 

0 

532 

0 

— 

P 3P X P 3 p . 

3 

00 P : op 

1,280 

0 

1,280 

0 

— 

P 3 p X p 4 and 
reciprocal 

3 

00 P : op 

160 

1 

161 

0 

_ 

P2P2 X P 2 p 2 . 

80 

35P ip 

9,199 

225 

9,162*8 

261*8 

3-42 

P 2 p 2 X Pip 3 . 

9 

11P : ip 

394 

42 

339:6 

36:3 

1:46 

P2P2 X p 4 

3 i 

5 P : ip 

546 

122 

556:7 

m *3 

1*64 

Pp3 X Pp 3 . 

59 

3 P : ip 

7»547 

2,619 

7.634-5 

2 , 541*5 

1*10 

PP 3 X p 4 

36 

iP : ip 

696 

682 

689 

689 

0*55 

Primula sinensis. 
S 2 s 2 x s 4 

11 

5S : is 

287 

45 

276*7 : 

55*3 

i *5 

S x s 3 x S x s 3 

28 

3S : is 

1,000 

: 342 

1,006*5 : 

335*5 

0*4 

Sis 3 x s 4 

36 

iS : is 

1,007 

* 995 

1,001 

1,001 

o *3 

G 2 g 2 X G2^2 . 

3 S 

35 G; ig 

1.659 

: 52 

1,663*5 : 

47*5 

0*7 

& 2 g 2 X g 4 

30 

5G : ig 

1 .175 

: 223 

1.165 : 

233 

0*7 

S3 X G x g 3 . 

9 

3 G : ig 

172 

* 59 

173*2 

57*8 

o *4 

& 1&3 X g 4 

15 

iG: ig 

240 

: 212 

226 

226 

i *3 

X B 2 B 2 , 

5 

35B : ib 

205 

: 5 

204*2 

3*8 

o *3 

B 2 b 2 x b 4 

7 

5B : ib 

272 

: 48 

266*6 

54*4 

o*8 

Bjb 3 x Bjb 3 . 

6 

3 B: ib 

264 

: 79 

257 

86 

0*9 

Bjb 3 x b 4 . 

25 

iB : ib 

456 

: 449 

453*5 

453*5 

0*2 
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generalised formula for the probability of a zygote A r ar in ~~ r 
producing a gamete A 5 a w ~ s , is 

(m !) 2 (2 m — r) ! r ! 

(2 m) ! \m — s )! (m — r -f- s )! s ! [r — s) ! 

where r is the number of dominant factors in the zygote, 5 the 
number in the gamete and m is the total number of factors in the 
gamete. 

Hence the gametic output of a particular zygote is obtained by 
calculating the frequency of each possible type of gamete produced. 

Tables 24, 25, 27, 28 and 29 give the results of experiments with 
autotetraploids of Datura Stramonium and D. inermis , Primula 
sinensis and Dahlia variabilis. [Dahlia variabilis is an octoploid, 
but behaves like an autotetraploid with regard to the inheritance 
of the characters investigated.) 

The general agreement between the observed and the calculated 
ratios is close despite the fact that it is probable that the calcula¬ 
tions are based on assumptions that are rarely fulfilled. In the case of 
spineless, a, in Datura stramonium , of G in Primula sinensis (de Win- 
ton and Haldane, 1935), of r in Lycopersicum esculentum (Lindstrom, 
(1932) ; Sansome, unpub.), and y in Dahlia variabilis (Lawrence, 
1931) there is qualitative evidence of chromatid segregation in 
which the locus of the gene has divided before segregation. Triplex 
plants AAAa are not expected to give any recessives but a plants are 
found in Datura stramonium (see Table 25), and 1-2% g plants arose 
from GGGg plants in Primula sinensis. It will be remembered that 


Table 26 

Limits of Gametic Segregation in an Autotetraploid 



Chromosome 

Segregation. 

Random 

Chromatid 

Segregation. 

Complete 

Equational 

Separation. 


A a 

A a 

A a 

Triplex AAAa 

00 : 0 

27: 1 

23 : 1 

Duplex AAaa 

5 : 1 

11 : 3 

7:2 

Simplex Aaaa 

1 : 1 

13 : 15 

11 : 13 



Table 27 

Dominant White — Coloured. 
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B and G are linked having cross-over percentages of 35-18% on the female side and 34-38% on the maleside. 



EQUATIONAL EXCEPTIONS 


183 


the centromeres divide reductionally at meiosis (see p. 104) and any 
locus distal to a chiasma may divide equationally in a certain 
proportion of cases. Muller’s theory implies that the whole 
chromosome divides reductionally at the first division of meiosis. 
It is, however, shown that separation and disjunction are variable. 
Therefore the segregation of a gene will vary greatly. In general 
each gene will segregate in a particular ratio depending on the 
number of chiasmata between it and the centromere, and on the 
properties of the chromosome in disjunction. Other influences, 
structural, genic and environmental will, however, disturb these 
phenomena. Hence the segregating ratio of a gene in a polyploid 


Table 28 

Normal —“ Primrose Queen ” Eye 


Cross. 

Normal Eye, 
Long style. 

Normal Eye, 
Homo style. 

Primrose 
Queen Eye, 
Homostyle. 

Number of 
Families. 

Q 2 q 2 X Q 2 q 2 


(Q4 + Q3 + Q2) 

(Qi<13) 

( 94 ) 


. 

158 

31 

8 

14 


Expected on a 
27 : 8:1 basis. 

148-5 

43-o 

5*5 


M = 6 -o 

5*8 

2-3 




Dev. 

—- = 1*6 

M 









Q 2 q 2 x q 4 


(Q2Q2) 

(Qxqa) 

(q 4 ) 


. 

50 

38 

17 

13 

Expected on a 
1:4:1 basis. 

17*5 

70 

17*5 




M-3«8 
Dev. 0 

4*3 

3*8 




~M~ = 8 ' 5 

7*4 

o-i 


Qiq 3 x Qi ^3 

• • • 

. ' 35 

3i 

13 

5 

Expected on a 
x : 2 :1 basis. 

19*8 

39*5 

19*8 




M = 3-9 

Dev. 

4*4 

3*9 




H 3-9 

i*5 

3*9 


Qxq 3 X q 4 


8* 

40 

44 

5 

Expected on a 

1 : x basis. 

O 

46 

46 




M = — 

4*8 

4*8 




Dev. 





Ivr ” 

i *3 

0*4 



These eight plants are probably Q x q 3 overlapping towards the normal condition. 
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is only an approximation applicable to one set of conditions (Mather, 
*935* *936* *938)- The possible limits on present day theories are 
set forth in Table 26. 

Chromosome segregation depends on complete reductional 
separation and normal disjunction. It will be obvious that large 
numbers of plants must be grown to distinguish between ratios of 
12 :12 and 11: 13 or between 5 : 1 and 3*5 :1. When large 
numbers of plants are grown, practical and technical difficulties are 
increased, therefore quantitative methods do not provide satis¬ 
factory evidence for the conditions of segregation of any particular 
gene. 

Primula sinensis. The inheritance of six factors and their 
allelomorphs has been studied in the tetraploid Primula sinensis : 

S s short vs. long style. 

G g green vs. red stigma. 

B b magenta vs. red flowers. 

W w Dominant white vs. coloured flower. 

Q q normal vs. “ Primrose Queen " eye. 

P p palm vs. fern leaf. 

These factors are also known in the diploid and are inherited in the 
normal 1:1 and 3 : 1 ratios of disomic inheritance. 

Tables 25, 27, 28 and 29 summarise the results of the experiments 
on inheritance of these factors in the tetraploid. 

It will be noticed in some cases that in the crosses of the type 
A 2 a 2 x a 4 and A 2 a 2 x A 2 a 2 the expected results are calculated on 
two theoretical ratios. One ratio is based on the theory that 
pairing has taken place in an allosyndetic manner : A with a but 
not A with A nor a with a, followed by random segregation at the 
second division. 

This theory, suggested by Gregory in 1914, gives ratios of 3 :1 
and 15 :1 respectively. The other ratio is calculated on the 
assumption that the chromosomes carrying A and a pair at random 
’and undergo normal disjunction. The observed results agree more 
closely with this latter expectation. 

Quantitative Expression. In this work some light has also been 
obtained on the question of the quantitative effect of the factors. 
Only in the cases of S.s, (short vs. long style) and G.g. (green v$^ 
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Table 29 
Palm—Fern Leaf 


Cross. 

Palm. 

Extra Lobes. 

Fern. 

Number of 
Families. 

P2P2 X P2P2 

• Observed 

293 

74 

10 

9 


Expected on a 
27:8:1 basis. 

282-7 

M = 8-4 

83'8 

7-9 

10-5 

3*2 




Dev. 




—- = 1-2 

M 

1*2 

0*1 


P2P2 X P4 

• Observed 

27 

49 

IS 

6 


Expected on a 
1:4:1 basis. 

15*7 

62-6 

15*7 




M = 3*6 
Dev. 

3-8 

3*6 




nr = 3,1 

3.6 

o-6 


Plp 3 X P*p 3 

Observed 

92 

149 

76 

15 


Expected on a 
1:2:1 basis. 

79-3 

158-5 

79*3 



M = 7-7 
Dev. 

8-9 

7*7 




TT- — x *6 

M 

i-i 

0*4 


P1P3 x P4 

• Observed 

6* 

roi 

100 

10 

Expected on a 



103-1 



1 :1 basis. 


103-1 




M = — 

Dev. 

7-2 

7-2 




__ _ — 

0-3 

o *5 



* These six plants are assumed to be P x p 3 overlapping to the normal type- 


red stigma) was dominance found to be complete, i.e., the simplex 
form had the phenotypic characteristics of the dominant factor. 
In the other factors in tetraploid P. sinensis the simplex form 
was only partially dominant in the phenotypic expression, which was 
intermediate and highly variable. (In diploids S, G, B, Q and P are 
completely dominant.) 

The simplex form (G x g 3 ) has a green stigma but the flower colour 
is almost as dark as that of the nulliplex form (g 4 ). This is in 
contrast to the duplex (G 2 g 2 ) and triplex form (G 3 gJ where the 
flower colour is lighter. Thus it is concluded that G z is dominant 
over g 3 with respect to stigma colour and is only partially dominant 
in respect of its effect on flower colour. 

Of particular interest is the recessive character “ Primrose 
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Queen ” eye. The factor for this was found by Gregory (1911) to 
be in diploids the lowest member of a series of three multiple 
allelomorphs, viz., “ Queen Alexandra ” eye (no eye) (Q,), normal 
eye (Q) and “ Primrose Queen ” eye (the eye extends over about a 
third to a half of the petal) (q). The recessive factor for “ Primrose 
Queen ” not only affects the eye but also the style. Gregory found 
in diploids that this factor caused genetically long-styled plants to 
become homostyled and that the single dose of the dominant factor 
(Q) was completely dominant both as regards the effect on the eye 
and the long style. In tetraploids, however, Q, was found to be 
completely dominant over q 3 regarding the expression of the eye 
but not as regards the style, i.e., normal eye—homostyled plants 
were found to be Q,q . These heterozygotes were liable to vary in 
expression of the style, especially at the latter part of the flowering 
season. At that time flowers were produced which were normal-eye 
long-styled. This is therefore not only an example of the quantita¬ 
tive effect of the factors, but also of the effect of one factor on more 
than one character. 

An interesting example of interaction of factors is afforded by 
the factors for dominant white (W) and green stigma (G). Flowers 
with a green stigma (G) are paler in colour than those with a red 
stigma (g). The effect of W is that of inhibiting the production 
of flower colour in the peripheral parts of the flower. In the 
presence of G, WW causes the flower to be white, while Ww inhibits 
colour in the periphery (i.e., there is a tinge of colour round the 
corolla tube). In the presence of g, WW allows a dark flush of 
colour to be produced round the corolla tube ( var. Duchess) and 
Ww permits this colour to be diffuse (var. General Buffer). 

In tetraploids there is an increased number of possible combina¬ 
tions of these factors and their interaction and quantitative effects 
have proved to be troublesome in the classification of the different 
types of plants. For that reason Table 27 only shows that most 
of the expected classes have appeared. This condition, as expected, 
is by no means uncommon in tetraploids, and in one family a range 
of the phenotypes may be obtained which defies determination 
of the genotype from the phenotype. Further breeding tests will 
only reveal the genotype and this process, because of the tetraploid 
nature of the plants, necessitates the growing of very large progenies. 
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which in many cases is impracticable. In contrast diploids have 
only three possible genotypes with regard to one pair of factors, and 
therefore, even when the factor expression differs quantitatively 
and factor interaction takes place, the possible range of types is less 
than that in tetraploids. Thus it is seldom necessary to classify 
diploids by breeding tests. Obviously from a horticultural point of 
view a much greater number of forms should be obtained from a 
tetraploid species than from the corresponding diploid species. 

A striking example of the quantitative effect of factors was 
obtained by Lawrence and Scott-Moncrieff (1935) in Dahlia 
variabilis, an allo-octopioid with autotetraploid inheritance of A B, 
two factors for anthocyanin, and Y (yellow) I (ivory), two factors 
for flavones. In the progeny of a cross between two parents of known 
constitution there were 8 yellow, 8 ivory and 0 white-flowered plants 
when there should have been :— 

Yellow. Ivory. White. 

6YI 2Yi 6yl 2yi 

On testing for flavone the following result was found :— 

Yellow-ivory . Yellow-white. Ivory. White. 

expected .6 2 6 2 

observed .17 8 o 

Such a result cannot be due to chance. Three of the seven yellow 
flowers with a white ground gave a faint positive reaction for ivory 


Table 30 

Capsule Volume of Funaria hygrometrica (Wettstein, 1924) 


diploid 

BB 

185-62 (50) 

- 

- 

B X b 
97-06 (18) 

- 


bb 

57*74 (50) 

triploid 

BBB 
176-91 (5) 

— 

BB x b 
145-77 (12) 

— 

bb x B 
101-31 (14) 

' 124-96(6) 
qa X qq 

bbb 

59*62 (17) 

tetra¬ 

ploid 

BBBB 
242-71 (50) 

BB X Bb 
228-18(8) 


BB x bb 
196-64 (9) 
Bb x Bb 
208-92 (50) 



bbbb 

i5i*35 (50) 


flavone (I) while the other four were negative. From these and other 
results Lawrence concludes that in the presence of Y the I factors 
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cannot exert their full effect. The three yellow-white forms which 
gave a f ain t positive reaction for I, were probably I 2 i 2 in constitution 
while the other four were Ii 3 . The single YI form was probably y. 
It is possible that the material from which the yellow and ivory 
flavones are manufactured is limited in amount and the Y factors 
obtain a monopoly. Y and I also interfere with the expression of 
anthocyanin by the A and B factors. 

This interaction of the chemical processes involved sometimes has 
a disturbing effect upon the ratios and creates difficulty in genetical 
analysis. 

Tables 30 and 31 of capsule volume and form of polyploid 
Funaria hygrometrica (Wettstein, 1924a) illustrate well the influence 
of a size factor B upon character expression. The diploid Bb is 
intermediate between BB and bb. BBb, BBbb and Bbb have capsule 
volumes corresponding to the effect of B alone. The nulliplex 
tetraploid bbbb however has a larger volume than expected from 
the remaining figures. B also affects the gametophytic leaf shape, 


Table 31 


Form of Capsule Lid, BreadthJLength 


diploid 

BB 

4-80 

- 

- 

B X b 
2*99 

— 

— 

bb 

2 63 

triploid 

BBB 

4-52 

— 

BB x b 
3*97 

— 

bb x B 
2-91 

— 

bbb 

2*71 

tetra¬ 

ploid 

BBBB 

5*29 

BB x Bb 
5*13 


BB x bb 
3*04 

Bb x Bb 
2-75 


bb x Bb 
2*59 

bbbb 

2*68 


and here the effect of B is greater than that of b, the leaf areas of 
BB plants being 1-91, bb 2-88, Bb 2-27. 


Capsule Colour. Funaria hygrometrica (Wettstein 1934a) 


cc 

Cc 

cc 

orange 

yellow-orange 

ochre 

lid 

lid 

lid 

orange 

red-ochre 

ochre 
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CCC 

CCc 

ccC 

CCC 

orange-red 

orange ochre to rusty 

ochre 

lid 

ltd 

lid 

lid 

red 

dark orange 

ochre 

ochre 

CCCC 

CCCc CCcc 

Cccc 

cccc 

orange-black-red 

yellow-orange 

rust-ochre 

rusty 

lid 

lid 

ltd 

ltd 

black-red 

black-red 

ochre 

ochre 


As regards capsule volume, the full effect of B is not reached 
even in quadruplex tetraploid, but in the case of C for colour of 
capsule the saturation point is reached between 2-3 C factors, since 
CCCC CCCc and CCcc have all black-red capsule lids while CC and 
CCc have dark orange lids. It will be noticed, however, that not 
until the triplex condition is reached does the general capsule colour 
become dark red, although the lid does so with CCcc. 

In the above cases of capsule volume and colour the nulliplex 
xxxx does not resemble the xx or xxx forms but agrees more with 
the simplex Xxxx or even duplex XXxx. 

Stern (1928), by means of duplications, was able to breed flies 
of Drosophila melanogaster with increasing numbers of the recessive 
bobbed genes. Bobbed (bb) in the diploid state suppresses the 
development of hairs on the body of the flies. 

By numerous crosses using duplications of bb and its allelomorphs, 
+ normal, bb 1 a lethal with more intensive effect, and bb 11 , another 
lethal. Stern was able to show that there was a quantitative effect 
of these factors upon the development of hairs. To the factors he 
gives the following numbers as a comparative measure of their 
influence. 

normal 30 

Y bb ‘ 10 

X bb 8 

Y bbI1 4 

X bb ‘ a 

When the sum of the values of these allelomorphs present in females 
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amounts to 30, the character of hairs is equal to normal, but when 
less than 30 the bobbed characteristic, e.g., X bb , X bb , Y bbI =26 makes 
its appearance. The factors on other chromosomes also affect the 
expression of the bobbed factors. This is shown by the fact that a 
diploid female with X bb X bb has longer hairs than an intersex with 
more autosomes than normal. 

Dahlia variabilis. The octoploid Dahlia variabilis, Lawrence and 
Scott-Moncrieff (1935) combines two groups of flower colour forms 
only found separately in other Dahlia species (see Table 32). Group I 
has magenta or ivory flowers; the pigments are light in intensity and 


Table 32 [after Lawrence) 
Ancestral Stock. 

16 chromosomes. 


Group I. 

Magenta or Ivory 
(AI) Flowers. 

D. Merckii 
D. Maxonii 
D. excelsa 
D . Lehmanii 
D. Maximiliana 
D. imperialis 
D. dissect a 
D. pubescens 
D . platylepis 
D. scapigera 


D. variabilis . 

64 chromosomes. 

-j.. . 1 ■ . _ > 

I AI or A BI or B AY BY Y 

ivory magenta purple apricot scarlet yellow 


Group II. 
Scarlet or Orange 
(BY) Flowers. 

D. coccinea 
D. coronata 
D . gracilis 
D. tenuis 


aiby, 

white 
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consist of an ivory flavone apigenin, and a glucoside of cyanidin. 
Group II has scarlet or yellow flowers ; the pigments are heavy in 
intensity, and consist of a yellow flavone and an anthocyanin of 
pelargonidin type. Two anthocyanin genes A and B, and two 
flavone genes I and Y, determine the production of pigment and 
are inherited in a tetrasomic manner. The expression of the four 
genes, however, is differential. Y and B are completely dominant, 
simplex Iiii may not easily be distinguished from nulliplex i 4 , but 
duplex I 2 i 2 is similar to I 4 . Y may inhibit the action of I and A, and 
YI may completely suppress the action of B. I interferes with the 
action of A and may reduce the intense pigmentation of B to a light 
pigmentation. Although B and Y are completely dominant, and 
I 2 i 2 is similar to the quadruplex, it may be shown that in all genes 
the quadruplex, triplex, duplex and simplex, conditions differ in 
their effect upon the production of colour. For example, A 2 a 2 I 4 
does not show anthocyanin pigmentation while A 2 a 2 I 3 i and 
A I a 3 I 2 i 2 do, although, in the absence of I, A z and A 4 are 
indistinguishable. 

Lawrence and Scott-Moncrieff suggest that these genes compete 
for a common source of material from which to build their respective 
products. The interaction effects show that the genes have different 
potencies in this competition, B and Y being very much more 
effective than A and I. Whenever more than one B gene, or one B 
and a sufficient number of A and I genes are present, pelargonidin 
is produced. If fewer potent genes are present, only cyanidin is 
formed. 

Linkage in Autotetraploids. Linkage in polyploids has been 
investigated in triploid Drosophila and maize, and in tetraploid 
Primula sinensis and tomato. With the number of homologous 
chromosomes greater than two in the sporocytes, greater variation 
in the assortment of linked factors is to be expected. For example, 
in a tetraploid with four homologous chromosomes containing two 
pairs of allelomorphic factors, there are thirteen possible types of 
arrangement of the factors on the chromosomes (Somme (1930), 
de Winton and Haldane (1931), and Sansome (1933)). If we 
designate the homologous chromosomes by A BCD and the 
factor pairs by XxYy we can have the following different 
arrangements:— 
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A 

B 

C 

D 


( 1 ) XY 

xy 

xy 

xy 

single coupling. 

( 2 ) Xy 

xY 

xy 

xy 

single repulsion. 

( 3 ) Xy 

Xy 

xY 

xY 

double repulsion. 

(4) XY 

XY 

xy 

xy 

double coupling. 

(5) XY 

XY 

Xy 

xy 

asymmetrical coupling. 

( 6 ) xY 

Xy 

Xy 

xy 

asymmetrical repulsion. 

(7) Xy 

xY 

XY 

xy 

coupling and repulsion. 

( 8 ) XY 

Xy 

Xy 

xy 

triplex single coupling. 

( 9 ) Xy 

Xy 

Xy 

xY 

,, „ repulsion. 

( 10 ) XY 

XY 

Xy 

xy 

,, double coupling. 

(II) Xy 

Xy 

XY 

xY 

,, ,, repulsion. 

(12) Xy 

XY 

XY 

xy 

„ coupling. 

(13) Xy 

XY 

XY 

xY 

,, repulsion. 


Since crossing-over occurs during the time the chromosomes are 
paired, the method of pairing of the four chromosomes, two at a time, 
must be considered. With random pairing there are three ways in 
which these chromosomes A BCD can pair, namely, A with B, A 
with C and A with D, when in each case, of course, the remaining 
two chromosomes pair with one another. Disjunction of the 
chromosomes which have paired therefore leads to six possible 
different types of gametes with respect to chromosome content— 
AB, AC, AD, CD, BD and BC. 

Thus AC 


1 gives the gametes AC, BD, AD, BC. 

BD 


AB 


J )» a 

„ AB, CD, AD, BC. 

CD 


AB 


| „ 

„ AB, CD, AC, BD. 

DC 



To consider the effect of crossing-over, let us take the case of single 
repulsion. Assuming that chromosome A contains the factors X and 
y, and that chromosome B contains the factors x and Y, then 
chromosomes C and D each contain the factors x and y. In one, 
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third of all the cases A will pair with B and if crossing-over takes 
place between these factors the gametic series with regard to 
chromosomes A and B will be p XY : (i-^)Xy : (i-^)xY : p xy 
where p is the cross-over value. (This is the same as in diploids.) 
Chromosomes C and D will pair and disjoin at the same time as 
chromosomes A and B. Crossing-over between C and D } however, 
will have no genetical effect since they only contain the recessive 
factors xy and the gametic series with regard to these two chromo¬ 
somes will be 1 xy: 1 xy. In each type of gamete containing an A 
or B chromosome there will be a C or D chromosome, since two 
chromosomes which have paired do not normally enter the same 
gamete. Thus considering all four chromosomes the gametic series 
will be:— 


P 


XY 

xy 


: (1 - p) 


Xy :d 


xy 


(I -p) 


xY xy 
xy xy 


In the remaining two-thirds of cases A will pair with C or D and 
B with D or C, and in each case crossing-over will have no genetical 
effect. For each type of pairing the gametic series will be :— 


xy. r x y . i xY . ixy 

xy 2 xy 2 xy 2 xy 


and adding them we get 


Xy Xy xY xy 

1 J : 1 J : 1 : 1 

xy xy xy xy 


This summed with 


, XY . , N Xy . ,» xY xy 

p : (1 — p) . (1 -— p) :p. 

r xy ' r ' xy v xy xy 

gives the total gametic series 

Xy , XY , .. Xy . ,. xY . xy 

xY r xy v xy v xy x xy 


When dominance is complete the different types of zygote, 
quadruplex, triplex, duplex and simplex, will be phenotypically 
indistinguishable. The gametic series may therefore be written 
(l + p) XY : (2 - p) Xy : (2 — p) x Y : (1 + p) xy. If p and q 
represent the cross-over values on the male and female sides 
respectively, then the zygotic series is :— 


R.A. PLANT GENET. 


7 
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18 + (i + P) (i + q) XY : 9 - (i + P) (i -I- <l) Xy : 

9 - (i + p) (I + q) xY : (i + p) (l + q) xy. 


Table 33 

(de Winton and Haldane, 1931) 


Type of 
Zygote. 

Types of 
Gametes. 

Gametes in 
general. 

Gametes, 
p ~ 0 . 

Gametes 
p = &. 

Gametes 

in 

absence 

of 

linkage. 

Zygotic ratio on Selling, 

1 . XY.(xy) 3 

XY 

I —P 

I 

T 

1 

2 - 1 -(«-—/>) (<-?) 


Xy 

P 

0 

I 

1 

I -(!-/>) (l~?) 


xY 

P 

0 

I 

I 

,_.(i_p) (r_ ? ) 


xy 

1 -P 

I 

I 

X 

(i„p) ( t _ ? ) 

2. Xy.xY. 

XY 

I +p 

I 

I 

X 

18 -|- ( r -|-p) (H-y) 

(ay) a 

Xy 

2 —p 

2 

I 

I 

9-(i-i/>) ( 1 + 7 ) 


xY 

2—p 

2 

I 

T 

9 —(x-fp) (r+?) 


xy 

I +P 

I 

I 

I 

(1 +P) (1 +q) 

3 . XY .Xy. 

XY 

3 ~P 

3 

5 

5 

26-1- (l--p) (l -q) 

(ay) 2 

Xy 

2+p 

2 

5 

5 

g-(i-p) ( i—q) 


xY 

P 

0 

1 

1 

i-(t-p) (1 -?) 


xy 

1~P 

I 

1 

1 

(1 -y>) ( 1 -?) 

4. (Xy) 2 .xY. 

XY 

2+p 

2 

5 

5 

■26+pq 

xy 

Xy 

3 -P 

3 

5 

5 

9 -pq 


xY 

1 —p 

1 

1 

1 

l-pq 


xy 

P 

0 

1 

1 

pq 

5 . (XY) 2 . 

XY 

5-2P+P 2 

5 

17 ' 

25 

34 + (i-P) 2 (i-?) 2 

(ay) 2 

Xy 

2 p—p* 

0 

3 

5 

i-(t-p) 2 (i-?) a 


xY 

2 p~p* 

0 

3 

5 

,_ (l _p)2( I _ ? )2 


xy 

1—2 p+p 2 

1 

i 

1 

(r-p) 2 (t — (?) a 

6. (Xy)». 

XY 

4 +£ 2 

4 

17 

25 

34 +#V 

(xY) 2 

Xy 

1 ~P % 

1 

3 

5 

1 —p 2 tj- 


xY 

1 -P 2 

1 

3 

5 

1 —p-q 2 


xy 

P 2 

0 

1 

1 

PV 

7. XY.Xy. 

XY 

S+p—p 2 

4 

33 

25 ' 

i36+pq{t~p) (1-7) 

xY.xy 

Xy 

2-p+p 2 

1 

7 

5 

4-pq(l-p) (l-q) 


xY 

2 —p+pZ 

1 

7 

5 

4 -pq(l-p) (l-q) 


xy 

P-P 2 

0 

1 

1 

pq(i-p) (l-q) 


For purposes of calculation it is convenient to put 1 —p^=P } 

The gametic series in double coupling may then be written 4-HP 2 : x —P 2 : 
x P 2 ; P-, and the expressions for the following zygotic series may be 
simplified : 

Single coupling, 2 +PQ : i -PQ : i-PQ : PQ. 

Asymmetrical coupling, 26+PQ : g — PQ : 1 —PQ : PQ. 

Double coupling, 34 + P 3 g 2 : x-P 2 Q - ; j__psg2. pigs 

Coupling and repulsion, 136 +pqPQ : 4 -pqPQ : <\-pqPQ: pqPQ. 

The effect of crossing-over in the types'2-7 may be'calculated 
in a similar fashion and the results are given in Table 33, which is 
taken from the paper by de Winton and Haldane (1931). 
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It will be observed that in the cases of double coupling, double 
repulsion and asymmetrical coupling and repulsion a difference in 
ratio is to be expected between independent segregation of the 
factors and 50% of crossing-over. In the diploid and in the other 
types of linkage in tetraploids, this difference is not observable. 
This fact may be useful, on some occasions, to decide whether two 
factors are far apart on the same chromosome or on different non- 
homologous chromosomes. 


Table 34 


Linkage with Random Chromatid Segregation 



XY 

xY 

Xy 

*y 

Single coupling 

2 * 6 — p 

P 

P 

3 -p 

,, repulsion . 
Asymmetrical 

i+p 

2-25 -p 

2-25 p 

i -5 +P 

coupling 

13-2 P 

7+2 p 

2 p 

6—2 p 

Double coupling . 

33-6 p+p 2 

6p—p 2 

6p-p 2 

9-6. P+P 2 


Linkage with only Equational Separation 



XY 

xY 

Xy 

xy 

Single coupling 

11—10 p 

10 p 

Sp 

13-8^ 

Single repulsion . 

10+3 p 

23-3 P 

23—6 p 

16+6 p 


It will be realised that several assumptions have been made for 
these calculations. It is assumed that (1) chromatid segregation 
does not take place ; (2) non-disjunction of chromosomes does not 
occur ; (3) only two chromosomes and not chromatids are involved 
in crossing-over between the genes concerned. It is probable (see 
previously) that none of these assumptions are true (Sansome, 1933). 
Mather (1936) has provided a general method in which the amounts 
of equational separation, non-disjunction and progressive crossing- 
over may be estimated and allowed for in calculating linkage results 
• in autotetraploids. Using this formula it is of distinct interest that 
the amount of non-disjunctional and equational separation of d, p 
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Table 35 

Linkage Results in Tetraploid Primula sinensis. (After de Winton 
and Haldane, 1931) 

Single Coupling. 


Cross. 

Number of 
Families. 

SG 

Sg 

sG 

sg 

SG.(sg) 3 

X (sg) 4 

17 

204 

126 

“3 

193 


Calculated 

— 

198-5 

ii 9*5 

119*5 

198-5 

(sg) 4 

x SG. (sg) 3 

20 

132 

89 

97 

160 


Calculated 

— 

146 

93 

93 

146 

SG.(sg) 3 

x SG. (sg) 3 

7 

179 

47 

40 

27 


Calculated 

— 

174-4 

45*3 

45*3 

27-9 


Single Repulsion 




Sg.sG. (sg) 2 

x (sg) 4 

23 

126 

136 

146 

1 102 


Calculated 

— 

116-9 

138-1 

138*1 

116-9 

(sg) 4 

X Sg.sG.(sg) 2 

14 

38 

57 

60 

52 


Calculated 


47*9 

55-6 

55*6 

47*9 


Double Repulsion. 




(Sg) 2 .(sG) 2 

x (sg) 4 

12 

124 

21 

19 

0 


Calculated 

— 

ii 3*3 

23*4 

23*4 

3*9 

(sg) 4 

X (Sg) 2 .(sG) 2 

2 

11 

0 

1 

0 


Calculated 

— 

8-3 

i *7 

i -7 

0-30 


Double Coupling. 


(SG) 2 .(sg) 2 

(sg) 4 

(SG) 2 . (sg) 2 

SG.Sg.(sg) 2 
SG.sG. (sg) 2 

(sg) 4 

SG.sG. (sg) 2 

Sg.(sG) 2 .sg 

(sg) 4 

Sg.(sG) 2 .sg 


Asymmetrical Coupling. 

X (sg) 4 

Calculated 
X (sg) 4 

Calculated 
X SG.sG.(sg) 2 
Calculated 
X SG.sG.(sg) 2 
Calculated 


3 

26 

15 

3 

— 

21-4 

19*4 

3*r 

14 

156 

9 

108 

— 

134*7 

19*3 

122 

5 

48 

7 

50 

— 

5i* 4 

7*7 

47 

10 

373 

7 

118 

— 

37i:2 

9:8 

121-6 


Asymmetrical Repulsion. 

x (sg) 4 44 

Calculated — 

X Sg.(sG) 2 .sg 10 

Calculated — 

X Sg.(sG) 2 .sg 25 

Calculated — 


422 

407-5 

33 

32*7 

847 

836-8 


98 

107 

7 

8-3 

3 i 

27*2 


439 

450 

38 

35*7 

267 

283-2 


X (sg) 4 

6 

146 

18 

13 

Calculated 

— 

142-7 

19-8 

19-8 

X (SG) 2 .(sg) 2 

2 

81 

13 

9 

Calculated 

— 

87-5 

12*5 

12*5 

X (SG) 2 . (sg) 2 

4 

104 

3 

4 

Calculated 


107-2 

2*7 

2-7 


18 

12-7 

1 7 
7*5 
2 

o*45 


5 

5 *i 

35 

32 

13 

12 

10 

5*4 


70 

64-5 

4 

5*3 

7 

4*8 
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and s on chromosome 1 of Lycopersicum esculentum differs very 
considerably in duplex and simplex plants. Preferential pairing or 
. segregation as found by Sturtevant (1935) in Drosophila melano- 
gaster may be present to further complicate the issue. In many 
cases " the estimation of the linkage value is little more than a 
mental exercise ” (Sansome, 1933). 

The assumption of the purity of the gamete requires to be 
modified in polyploid inheritance. In tetraploids the gametes are 
diploid and contain two allelomorphs. For example, a duplex plant 
S 2 s 2 produces gametes of the constitution SS, ss and Ss; the last 
type is heterozygous and “ impure/' The possibility of obtaining 
pure lines for several characters in the dominant condition is more 
remote in tetraploids than in diploids. Artificial or natural selection 
on a diploid with incomplete dominance comparatively soon effects 
purity, but in a polyploid the recessives are more protected from the 
action of selection. 



CHAPTER VII 


ALLOPOLYPLOIDS 

Autosyndesis and Allosyndesis — Segregation — Shift Inheritance in oats 
and wheat—Speltoids, fatuoids—Evolution and Allopolyploids. 

In an autotetraploid the four homologous chromosomes can pair 
with one another and assort at random to each pole. This type of 
pairing—autosyndesis—leads to a definite type of segregation of the 
heritable characters, which has already been dealt with. ' 

Allopolyploids contain a complement of chromosomes derived 
from two or more plants of dissimilar origin, and it is upon the 
degree of similarity between these two or more kinds that the type 
of pairing and disjunction of the chromosomes and hence the 
segregation of factors depend. 

Autosyndesis and Allosyndesis. Two types of pairing of the 
chromosomes at meiosis in allopolyploids can take place, namely, 
autosyndetic and allosyndetic. Thus in an allotetraploid there may 
be two setp of chromosomes derived from one species and two sets 
of chromosomes derived from a different species. For simplicity 
we shall consider only one pair of the corresponding chromosomes 
from each species and designate then A A BB. 

If A is homologous with A and B with B, and if the A chromo¬ 
somes are not homologous with the B chromosomes, then A will 
always pair with A, and B with B to form bivalents at meiosis— 
autosyndesis. 

Allosyndesis takes place if the chromosome A pairs with the B, 
i.e., allosyndetic pairing between chromosomes of different 
phylogeny. Obviously there is sometimes difficulty in deciding 
whether allosyndesis or autosyndesis is taking place in border line 
cases—the difficulty arises from the factorial constitution 
(heterozygosity) and the systematic position of the parental 
species. 

Genetical Consequences. Theoretically the genetical results from 
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autosyndesis and allosyndesis will be different. In the former 
where A pairs with A and B with B , the gametes will contain AB . 
The succeeding generation will contain A ABB like the parent and 
will behave like a diploid regarding the segregation of single factors. 
Allosyndesis, on the other hand, will give a gametic output of 
1A A : 2A B : 1 BB } and consequently a greater range in the chromo¬ 
somal constitution of the progeny. By such a method of pairing 
the parental type A ABB will be recovered only 1 in 16 times on 
selling such a plant—the chromosomes behave in separation like 
the segregation of two factors. 

With constant autosyndesis segregation of factors only occurs 
when the ultimate parent was heterozygous. It follows, therefore, 
that forms with constant autosyndesis will generally breed true. 

In the intergeneric F x hybrid (2 n = 18) between Raphanus 
and Brassica, Karpechenko (19270,1928) the nine Raphanus 
chromosomes are greatly differentiated from the nine Brassica 
chromosomes. No pairing takes place between the two sets. The 
F 2 tetraploids which result from the fusion of unreduced gametes 
(p. 168), are perfectly fertile and breed true. The F 2 plants are of 
the constitution RRBB where R and B represent the Raphanus and 
Brassica sets of chromosomes respectively. Autosyndetic pairing 
takes place and only gametes of the constitution RB are formed. 
Some of the plants in the parental species were heterozygous, and 
Karpechenko found that in the tetraploid offspring segregation took 
place for those factors in which either the Brassica or Raphanus 
species were heterozygous. 

Allopolyploids, in which autosyndesis is the prevalent method of 
pairing, are of widespread occurrence. Difficulty is experienced 
sometimes in identifying them as polyploids and not as normal 
diploids. The methods of attacking the problem resolve themselves 
into two main systems ; one is of a genetical nature, and the other 
cytological. Comparison with related forms often provides an 
indication that a form under investigation is an allopolyploid. The 
related species of commercial wheat and oats may have chromosome 
numbers of 14, 28 or 42, while the commercial stocks have 42 
chromosomes in the somatic cells. This indicates that the cultivated 
varieties are hexaploids ( 6 x = 42). Bivalents are formed at 
meiosis. and their breeding behaviour is like that of a diploid with 
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peculiar complications such as the presence of polymeric and 
duplicate factors and with the production of off-type forms in an 
unusual manner (fatuoids and speltoids, see p. 212). It is interesting 
to note in passing that Gregor and Sansome have synthesised an 
artificial hexaploid Phleum (see p. 342), the origin of which in some 
respects is presumably analogous to that of the commercial wheat 
and oats. Spartina Townsendii is another species in the Gramineae 
which in some degree resembles the above forms as to its mode of 
origin. 

Spartina Townsendii is an allopolyploid which has originated in 
nature. From its characters it is concluded that it arose by hybridi¬ 
sation of the species S. alternijiora and S. stricta . Huskins (1930) 
finds that the somatic chromosome number of S. alternijiora is 70, 
that of 5 . stricta is 56, while that of 5 . Townsendii is 126. He also 
finds that bivalents are formed in meiosis of S. Townsendii. This 
species is very vigorous, fertile, and breeds practically true. It 
is therefore concluded that 5 . Townsendii is an allopolyploid 
hybrid analogous to Primula Kewensis, having arisen through 
doubling of the chromosome number of a sterile hybrid between 
5 . alternijiora and S. stricta . The formation of bivalents and its 
true breeding nature indicate that autosyndesis takes place. 

Besides being important from the evolutionary standpoint by 
producing a new true breeding form by inter-crossing two species 
whose chromosomes are non-homologous, the process of auto¬ 
syndesis enables a number of valuable physiological properties, 
dependent upon heterozygosity, to be retained. Polymeric factors 
are characteristic of allopolyploids (see p. 206). If two species 
hybridise they will probably be somewhat closely related and will 
have similar factors in common. The polyploid hybrid will contain 
these factors and they will segregate independently of one another. 
One can visualise the position where one pair of factors is hetero¬ 
zygous and the other pair is dominant and homozygous for the same 
character. The segregation of the heterozygous pair in the polyploid 
will not affect the particular character expression, since it will be 
controlled by the other pair of dominants. Hence an allopolyploid 
may be heterozygous for several factors and yet on account of 
autosyndesis breed true. It is well known that heterozygosity is 
often accompanied by increased vigour (so-called hybrid vigour 
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The work of Biffen (1916), while illustrating shift, also shows 
how such a type of pairing may persist with extreme regularity. 
In the progeny of a grey-chaffed Rivet, Triticum turgidum , crossed 
with a white-chaffed T. polonicum, he found no segregation in 
chaff colour; From 20 F 2 plants succeeding generations were 
grown up to F 6 totalling almost 100,000 plants. All these plants 
showed uniform chaff colour resembling that of the normally 
recessive white-chaffed parent. Darlington considers that a single 
dominant factor W in T. polonicum inhibits the grey chaff colour 
of T. turgidum (ww), and that, autosyndesis in the F x (WWww) and 
later generations results in their breeding true. 

Shift was also found by Vavilov and Jakuskhina (1925) in the 
cross Triticum persicum Vav. var. fuliginosum Zhuk. X T . durum 
var. hordeiforme. The beak-like tooth to the glume, like that of 
T. durum , was never recovered among 566 F 2 and 4,000 F 3 plants. 

Another possible example of shift is the suppression and accentua¬ 
tion of characters, observed by Backhouse (1918) in the cross of 
T. polonicum with Kubanka. 

Autosyndesis and Allosyndesis in one Organism. In the above 
case it will be seen that the heterozygosity of the plant is unsuspected 
until autosyndesis is interrupted by rare allosyndetic pairing. That 
allosyndesis occurs regularly between some chromosomes in some 
allopolyploids is shown by the behaviour of Primula Kewensis and 
of the hybrid (2 n = 28) between Fragaria bracteata and F . Helleri, 
both of which have 14 chromosomes in the somatic tissue (Ichijima 
(1926, 1930) and Yarnell (1931)). 

In both these forms the cytology indicates that autosyndesis is 
most prevalent but in P. Kewensis (hybrid of P. floribunda and 
P . verticillata) one quadrivalent is found at meiosis together with 
the expected bivalents. This quadrivalent indicates that one pair of 
floribunda chromosomes is homologous at least in part with one pair 
of verticillata chromosomes. Allosyndesis also occurs in the 
Fragaria hybrid where one quadrivalent is found together with ten 
bivalents. In Primula Kewensis no genetical segregation was found 
to correspond with the random pairing between the chromosomes of 
floribunda and verticillata (in the quadrivalent). In Fragaria 
bracteata X F. Helleri , however, Yarnell (1931) found that the F x 
plants were heterozygous for pink flower colour. The parent 
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E. bracteata had white flowers. The F 2 plants, seven in number, 
were all pink-flowered. Further breeding analysis showed that the 
genetic constitution of these seven F 2 plants was :— 


observed 

PPPP 

0 

PPPp 

1 

pppp 

2 

Pppp 

4 

PPPP 

0 

expected 

0-19 

i -55 

3‘5 

I- 55 

0-19 


The numbers are small but indicate that the F x plant was of the 
constitution PPpp and that random pairing had occurred among the 
two pairs of chromosomes which carried the factors respectively 
for pink and white flower colours from F. Helleri and from 
F. bracteata. 

An important example showing non-segregation of factors borne 
on chromosomes with autosyndetic pairing, and segregation of 
factors borne on chromosomes which pair allosyndetically and 
at random, is that of the Rubus hybrid RT 4 (2 n = 28). 

It will be remembered that RT 4 arose from the union of an 
unreduced egg of Rubus rusticanus inermis (2 n = 14) with a normal 
pollen grain of R. thyrsiger (2 n = 28) (see p. 171). R. rusticanus 
inermis is a form of R. rusticanus without prickles. The type R. 
rusticanus however develops prickles along the angles of the 
furrowed stem and does not develop acicles or pricklets. R. 
thyrsiger develops prickles which are not confined to the angles of 
the stem. RT 4 developed its prickles directly and they were 
confined to the angles of the stem as in R. rusticanus. The selfed 
progeny of RT 4 consisted of prickled and unprickled plants. All 
the prickled plants behaved in the same way as RT 4 with regard 
to development of prickles, i.e., rusticanus type of prickles on the 
mature growth. This implies that the F x plants of RT 4 each have 
one or more chromosomes represented two or more times in the 
complement derived from R. rusticanus. Further, the fact that 
RT 4 breeds true for this character (the thyrsiger type of prickles is 
never recovered) shows that in RT 4 these chromosomes pair 
autosyndetically. 

The chromosomes containing the factors for the production of 
prickles, however, do not pair autosyndetically. The results 
obtained by Crane and Darlington (1932) are given below, along 
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with the expectation on the various hypotheses. Obviously 
expectation based on random chromatid segregation or double 
reduction (see p. 181) fits most closely with the observed results, 
and Crane is of the opinion that this is the best explanation. 


Table 36 

(After Crane and Darlington, 1932) 



Prickled. 

Unprickled. 

F 2 . 



Observed numbers ..... 

83s 

37 

Autosyndesis expectation (00 : 0). 

872 

0 

Random assortment expectation (35 : 1) 

8 4 y8 

24*2 

Allosyndesis expectation (15 : i) . 

817-5 

54*5 

Random chromatid expectation (2078 : 1) 

832-0 

| 

40-0 

Fi back crossed to recessive. 



Observed numbers ..... 

33 

10 

Autosyndesis expectation (00 : 0) . 

43 

0 

Random assortment expectation (5:1) 

35*8 

7-2 

Allosyndesis expectation (3:1) 

32*3 

107 

Random chromatid expectation (3-67 : 1) . j 

33*8 

1 

9-2 


The cytology of RT 4 also shows that different types of pairing 
take place. At first metaphase bivalents, trivalents and quadri- 
valents are formed but only three or four chromosomes of the series 
are capable of forming trivalents and quadrivalents. Univalents 
often lag and divide on the equator at anaphase as a result of 
irregularity in the disjunction of the trivalents and quadrivalents. 

The genetic behaviour of RT 4 , which has been outlined above, 
shows that it contains two sets of rusticanus chromosomes. These 
have undoubtedly been contributed to it by an unreduced rusticanus 
gamete. 

The case of an allopolyploid whose chromosome sets are all 
different has also to be considered. Thus in a tetraploid hybrid 
between two allotetraploid species, e.g., cherry, or between a diploid 
and hexaploid species, e.g., plum, the four sets of chromosomes may 
be designated ABjCD. Autosyndesis, allosyndesis, or even random 
pairing may take place. Further, the affinity of the chromosomes 
for one another may be such that B can pair with A or C, and C 
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with B or D, but A may be unable to pair with D. Here B and C 
form a link between A and D, and if B and C pair, A and D may be 
left unpaired. Darlington considers that this is possibly the 
explanation of the occurrence of unpaired chromosomes in tetraploid 
cherries. 


Table 37 


Autosyndesis. 

AUosyndesis. 

Gametic output S$ x : : Ssi : ss x 

Ss SjSj * Sjs 1 Ss x 
or 

Ss : SSi: s x s : SiS x 

%.C. y S S 

3 • 1 


i.e., no segregation 
or 

S s 

3 : 1 

Zygotic output S s 

15 • 1 


no segregation 
or 

S s 

15 : 1 

Random pairing. 

Random chromatid pairing. 

1 

Gametic output 1SS1 : j 

f lS M 

1 1 SjSj ! 

1 1 Ssx ' 1SSI 
[x S,s J 

S : s 

22 : 6 

Le. t S s 

5 : 1 



Zygotic output S s 
35 : 1 


S s 

20*78 : 1 


• It follows that in certain allopolyploids where different types of 
pairing may take place, the genetic results may be very difficult to 
analyse. In an allopolyploid where all the sets of chromosomes are 
of different kinds, the possibilities and complexity of types of 
pairing are greatly increased. It is not surprising, therefore, that 
interspecific polyploid hybrids normally give complex segregation. 
To recognise the particular type of segregation is often well-nigh 
impossible. 

We have seen in Fragaria, Rubus and P, Kme-nsis that chromo- 
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somes may pair in different ways, and also examples of the resulting 
genetical segregation. Unfortunately segregation of factors in 
forms with both allosyndetic and autosyndetic pairing or with 
autosyndetic and random pairing has not yet been extensively 
studied. 

If we have a plant of the chromosome constitution A ABB 
carrying a pair of factors Ss on A A and a pair S 1 s I on BB the segrega¬ 
tion expected on the three types of pairing will be as shown in 
Table 37. 

The gametic and zygotic outputs of plants of a constitution such 
as Ssss or SSSs may be similarly calculated by the reader. Obviously 
therefore the inheritance of characters in an allopolyploid may be 
comparatively simple, viz., sssS with autosyndesis, or highly 
complicated, viz., SSSs with autosyndesis and occasional allosyndesis. 

WHEAT AND OATS 

The four small grain crops, wheat, oats, barley and rye, have the 
basis chromosome number 7. Cereal barleys and rye are diploids 
with 14 somatic chromosomes, but wheat and oats occur as diploids, 
tetraploids and hexaploids. The diploid oat species Avena brevis, 
A. strigosa.A. nuda brevis and A. Wiestii are not of great agricultural 
value. The diploid wheat Triticum monococcum and the tetraploids 
T. polonicum, T. dicoccum, T. persicum and T. dicoccoides are also 
of very limited economic value, but there are some important 
agricultural varieties of the tetraploids species T. durum and 
T. turgidum. The species of greatest economic value are the 
hexaploids T. vulgare, T. compadum, A, sativa and A. byzantina. 
In this group, however, are also .the relatively unimportant species 
T. spelta, A. fatua and A. slerilis. 

It is evident that polyploidy has played an important part in the 
evolution of the wheat and oat species of economic value. The 
following evidence shows that they are allopolyploids. Constant 
autosyndesis in an allopolyploid with bivalent formation would give 
ordinary diploid segregation if the chromosomes were heterozygous 
for a pair of allelomorphic factors. It is significant therefore that 
in polyploid wheat and oats only bivalents are regularly formed at 
meiosis and genetically they generally behave like diploids giving 
3 : x or 1: 2 :1 F 8 ratios and 1: 1 back cross ratios. The frequency 
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of duplicate and triplicate factors governing the inheritance of 
certain characters in the hexaploids also provides evidence that they 
are allopolyploids, resulting from the hybridisation of different 
species carrying similar factors affecting these characters. Duplicate 
factors may arise in a diploid by parallel gene mutations or duplica¬ 
tion of parts of chromosomes, but the explanation that the similar 
factors have been brought into the hexaploid by the different 
diploid parental species is more feasible. The common occurrence 
of duplicate factors in hexaploid oats and wheat is in marked 
contrast to the diploids barley and rye where they are relatively 
rare. Demonstration of this fact is provided in Table 38, where the 
type of inheritance is shown for seven characters common to oats, 
wheat and barley. For these characters there are seven cases of 
duplicate or triplicate factors in oats, ten in wheat and only four 
in barley. 

Allopolyploidy and hence duplicate and polymeric factors have 
provided these hexaploids with a distinct advantage physiologically 
over the diploid species. For example, it is desirable from the point 
of view of the welfare of the plant and the species, as well as from 
the economic point of view, that homozygous recessive lethal forms 
should occur very rarely. Thus a hexaploid heterozygous for three 
duplicate factors for chlorophyll production will only produce 
1 albino in every 64 of its progeny. Further recessive lethal 
mutations will rarely show in a polymeric hexaploid as compared 
with in a diploid. (For mutation rate in the different species of 
Avena and Triticum see Stadler, 1929.) A typical example of 
this is the rare occurrence of albinos in hexaploid wheat and oats and 
the relatively frequent occurrence of albinos in diploid barley (see 
Table 38). Albinism has only been found once in hexaploid wheat 
(Smith and Harrington, 1929) and once in hexaploid oats (Philp, 
1933) (see p. 219). In wheat it was inherited on a three-factor basis, 
while in oats the inheritance of more than one factor is concerned. 
Another example is that of a black Swedish oat having only one 
factor for black, which through mutation gave 10-20 white 
grains per kilo—an undesirable mixture. By crossing this black 
variety with an inferior black variety having two factors for black, 
another good variety with two factors for black was obtained which 
gave practically no white grains (Akerman, 1921&). If the rate of 
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mutation in this new two factor black variety was the same as in 
the single factor black variety, only one white grain would appear 
in every 100,000,000. An undesirable feature of polymeric factors 
is that where recessive lethal mutations take place which are 
cumulative in their effect, the plant may survive and yet be adversely 
affected in its growth. 

SPELTOIDS AND FATUOIDS 

In cultivated hexaploid wheat, Triticum vulgare Hort. (2 n = 42) 
and oats, Avena saliva L. (2 n = 42) unbalanced chromosomal forms 
have been found as mutants. One class with a chromosome 
deficiency is called the B type, and another with a chromosome 
in excess is called the C type while a third type, A, has the normal 
chromosome number. 

The three mutant types are morphologically identical both in 
wheat and oats. The wheat mutants resemble T. Spelta L., and are 
called speltoids. The oat mutants are like A. fatua L., and are 
called fatuoids. 

The speltoids differ from the parental type in having lax ears, 
thick keeled glumes which can only be pulled away from the grain 
with difficulty, and by the presence of awns. The fatuoid oat differs 
from the normal parental variety in 3 main characters of the grain— 
articulation, pubescence and awn development. In each case the 
group of speltoid or fatuoid characters remain completely linked in 
their genetical behaviour. Generally, these mutants appear first 
of all in the heterozygous form, which is intermediate between the 
normal and the homozygous mutant. Frequently they occur as 
chimaeras in wheat (Akerman, 1927), and one such case has been 
reported in oats by Huskins (19286). 

The genetical behaviour of speltoids is very complicated. The 
literature on this subject has been summarised by Kajanus (1927) 
and Watkins (1930). Fatuoids, on the other hand, are simpler 
in their genetical behaviour. The earlier literature on fatuoids 
has been dealt with by Stanton, Coffman and Wiebe (1926), Huskins 
(1927), and by Jones (1930). 

Type A. Heterozygous fatuoid or speltoid mutants on selling give 
in their progeny homozygous mutants, intermediate heterozygotes 
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and normals in the ratio of approximately 1:2: 1. All these classes 
of segregates have the normal chromosome number 42. 

Winge (1924) suggested that the hexaploid T. vulgare had 21 
chromosomes in its gametes which consisted of 3 sets of 7 chromo¬ 
somes. Further, he supposed that the corresponding chromosomes 
in each set differed from one another only in a minor degree. Thus 
a chromosome A from one set had corresponding chromosomes B 
and C in the other two sets, and A , B and C differed from one another 
very slightly. (Huskins—see later—in adopting this hypothesis, 
attributes the slight dissimilarity between the B and C chromosomes 
to the hybrid origin of the hexaploid species. Winge implies that 
it is due to very slight differentiation of the chromosomes following 
direct triplication of the chromosomes of a single diploid species.)' 
B is taken to be carrying the speltoid factors and C the normal 
factors which are epistatic to the speltoid factors., Considering 
only this group of chromosomes, normal T. vulgare would have the 


formula represented by 


ABC 
ABC ‘ 


Owing to the close similarity between the B and C chromosomes, 
Winge assumed that occasionally the B pairs with C (allosyndesis) 
instead of normally with B (autosyndesis) and so gives rise to the 
gametes ABB and ACC. The gamete ABB uniting with a normal 
gamete ABC would therefore give rise to a heterozygous speltoid 
ABB 

This heterozygote would give in the next generation, 


normals, heterozygous speltoids and homozygous speltoids 


ABB 

ABB 


in 


the ratio 1:2:1. In support of this hypothesis Winge observed a 
trivalent and univalent in an A type heterozygous speltoid with 
42 chromosomes. These he considered were the three B chromo¬ 
somes paired and the C chromosome unpaired. In a homozygous 
speltoid of the same strain also having 42 chromosomes he found 
indications of four chromosomes being associated, presumably the 
four B chromosomes. 

Huskins (1927, 1928 a,b) found that a characteristic feature of the 
cytology of the A type heterozygous fatuoids and speltoids was the 
formation of a trivalent while in the homozygous mutant form 
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of the A type a quadrivalent frequently occurred. He also found 
that the normal segregates from a heterozygote showed greater 
irregularity in meiosis than the normals of a pure line. This is 
probably associated with the higher percentage of bad pollen 
produced by normal segregates as compared with a cultivated pure 
line. Heterozygous and homozygous fatuoids also produced more 
bad pollen than their normal sister plants. Huskins suggests from 
this evidence that the slight deficiency of the fatuoid classes which 
he and other workers have observed, is due to differential elimination 
of fatuoid gametes. 

The genetical evidence obtained by Watkins and Cory (1931) of 
a small percentage of allosyndesis in wheat may be regarded as 
evidence in favour of the hypothesis that A type fatuoids and 
speltoids arise as a result of abnormal pairing between the B and C 
chromosomes. 

If this hypothesis is correct, then not only does it represent a case 
of the breakdown of a process of constant autosyndesis (equivalent 
to the breakdown of a shift), but also a case of the effect of chromo¬ 
somal unbalance ; the heterozygote may be denoted as 6 % — 1 + 1. 

The old view that fatuoids arose through natural crossing between 
A. sativa and A.fatua is quite untenable, since besides the occurrence 
of fatuoids as chimseras on normal plants, other characters such as 
grain colour and delayed germination have not been transmitted 
from A . fatua along with the fatuoid complex. 

The chromosomal explanation of the origin of A type fatuoids 
and speltoids however is not universally accepted. Several workers 
have believed that the fatuoids differ from the normal only by a 
single factor difference. Nilsson-Ehle (1921a) is of the opinion that 
fatuoids arise as a result of a complex gene mutation involving a 
group of very closely linked factors taking place in one germ cell of 
the normal plant. This latter view has been widely accepted. 

Jones (1930) found a mutant which was phenotypically like a 
heterozygous fatuoid. This intermediate fatuoid type bred true 
and genetically it behaved like a true fatuoid. It only differed 
from the normal in this particular set of characters which behaved 
as a single unit in inheritance. A similar type was reported by 
Huskins to have occurred in another variety. In the F4 of a cross, 
Red Algerian x Golden Rain, Jones found another type which he 
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called “ sub-fatuoid ” or “ semi-steriloid.” Again this type behaves 
genetically like a true fatuoid. Jones holds the view that A type 
fatuoids arise through gene mutation in the C chromosome. The 
loss of the C chromosome in the B type heterozygotes (see later) he 
regards as equivalent to a loss mutation thus unmasking the 
fatuoid characters carried by the B chromosomes. He therefore 
considers that the different heterozygous mutants have arisen 
through mutations of different degrees of complexity occurring in 
the C chromosome. Huskins suggested that the true breeding 
intermediate fatuoid forms might have arisen by gene mutation or 
deficiency mutation or by crossing over between “ semi-homologous” 
chromosomes. In connection with the latter suggestion Jones 
points out that if the B chromosome pairs with the C chromosome 
to give rise to the heterozygous A type fatuoid, it might be expected 
that the intermediate fatuoid type would occur in some definite 
percentage frequency in the progeny of an A type heterozygous 
fatuoid. No evidence of this has been obtained by Jones. 

From a cytological study of A type fatuoids Nishiyama (1931) 
concludes that the meiotic irregularities need not necessarily be a 
result of the fatuoid constitution of the plants. Further, he 
obtained forty-one chromosome normal and fatuoid plants as well 
as forty-one chromosome heterozygous fatuoids (see p. 217). He 
points out, however, that of the forty-one chromosome types 
those having lost the C chromosome occurred in a higher proportion. 
This he states may be due to the C chromosome showing meiotic 
irregularity more often than the other chromosomes, or to a limited 
number of chromosomes taking part in these irregularities. There 
is also the possibility however that the products of the meiotic 
irregularities involving the C chromosome may be more viable than 
those involving other chromosomes. It appears therefore that this 
evidence is not. in great opposition to the chromosomal aberration 
hypothesis. 

A similar line of argument to that of Jones may be advanced 
against the origin of the A type speltoids on the chromosome 
hypothesis. In addition to the speltoid mutants there are so-called 
partial mutants from the beardless normal, namely, half-bearded 
normal, bearded normal and beardless speltoid. The characters 
bearded and speltoid are completely linked and crossing-over in the 
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A type heterozygous speltoid rarely, if ever, occurs. (Nilsson-Ehle, 
1927 et al.). This is contrary to Winge's (1924) suggestion that the 
partial mutants arise through crossing-over between the B and C 
chromosomes. It is possible however that when B and C pair, 
crossing-over may not occur within the speltoid or fatuoid com¬ 
plexes : see Jones (1932) and Philp (1932). Perhaps very rare and 
particular cross-overs in other regions of these chromosomes may 
lead to the production of the partial mutants. 

The only exception to complete linkage between the characters 
bearded and speltoid, apart from species crosses (Watkins, 1928), is 
that obtained by Nilsson-Ehle (1927), from a cross, bearded normal 
X beardless speltoid. In F 2 and F 3 the cross-over value between 
bearded and speltoid was 27%. The question therefore arises as 
to why the A type mutant arising through pairing of the B and C 
chromosomes with no crossing-over, continues to give no crossing- 
over in later generations, whilst the partial mutant, if produced 
through pairing of the B and C chromosomes with crossing-over, 
continues to give crossing-over in subsequent generations ! 

Nilsson-Ehle considers that these mutants arise through loss 
mutation. Owing to their linkage behaviour he regards the two 
factors bearded and speltoid as lying some distance apart on the 
chromosome. He supposes that a complex mutation takes place 
involving not only these two factors but also the factors lying 
between them, thus preventing crossing-over. 

The mutant beardless speltoid, he considers, arises through 
mutation of the single factor bearded and therefore crossing-over is 
possible. 

Since the cross-over percentage between bearded and speltoid is 
about 27% and between half-bearded and speltoid is about 36% he 
believes that the factor for half-bearded lies further from the speltoid 
factor than the bearded factor. Since no crossing-over can occur 
between bearded and half-bearded these factors behave genetically 
like multiple allelomorphs. Watkins (1930) thinks that this 
indicates that these two factors influence the amount of crossing- 
over. 

Types B and C. From the hypothesis by which he attempted to 
explain the origin and genetical behaviour of A type speltoids 
Winge also postulated the occurrence of speltoids with an unbalanced 
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chromosome number (U)heterocygote S ,(i||) and(^) 
homozygotes. 

Huskins (1927, 1928a,6) found heterozygous speltoids and 
heterozygous fatuoids having either 41, 42 or 43 chromosomes. 
Those with the normal number 42 were of the A type. The 41 
chromosome plants were the B type and the 43 chromosome plants 
were the C type. The heterozygous fatuoids with 41 chromosomes 
gave ratios varying from 1: 5 to 1: 10 normals to heterozygotes 
plus a few dwarf sterile homozygous fatuoids. In this respect, they 
correspond to the B type speltoids. Similarly, the B type of 
heterozygous speltoid was found to have 41 chromosomes. The 
dwarf and sterile homozygous fatuoid segregates contained only 
40 chromosomes. 

In one strain of fatuoids Huskins obtained a ratio of approximately 
1 : 1 normals to heterozygotes together with a few dwarf sterile 
homozygous fatuoids. Two heterozygotes of this, the C type, were 
examined; one had 43 chromosomes and the other had 41 
chromosomes. C type heterozygous speltoids were also found to 
have 43 chromosomes. The dwarf and sterile homozygous fatuoid 
and homozygous speltoid segregates had 44 chromosomes. Normal 
segregates of both B and C types had the normal chromosome 
number of 42. 

In explaining these results Huskins uses Winge’s formula. 


B type heterozygotes are represented by 


A Bo 
ABC 


and the 40 


chromosome dwarf homozygotes resulting from them by 
The 43 chromosome C type heterozygotes are denoted by 
and the 44 chromosome dwarf homozygous segregates by 


A Bo 
TBo 
ABCB 
ABC 
ABCB 


ABCB 


The 41 chromosome B type heterozygotes characteristically 
formed 20 bivalents and 1 univalent at first metaphase. Very 
frequently the split halves of the univalent at first anaphase are not 
included in the daughter nuclei. This is regarded as the primary 
feature controlling the progeny ratios which are also influenced by 
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selective elimination of unbalanced gametes and zygotes. Meiosis of 
the 40 chromosome dwarf sterile fatuoids was completely irregular. 

C type heterozygous speltoids usually had the 43 chromosomes 
arranged as 20 bivalents and 1 trivalent. Huskins suggests that 
probably as a result of the method of pairing and disjunction, 
gametes with 21 chromosomes are formed more often than gametes 
with 22 chromosomes, thus affecting the ratios. The ratio is further 
modified by the selective elimination of unbalanced gametes and 
zygotes. The occurrence of a heterozygous fatuoid having 41 
chromosomes in the progeny of a C type substantiates Nilsson- 
Ehle’s statement that C types sometimes give rise to B types. The 
dwarf sterile homozygous fatuoids with 40 chromosomes have some¬ 
what irregular meiosis. At first metaphase 22 bivalents, or 20 
bivalents and one quadrivalent are formed, but pollen degeneration 
takes place at a later stage. 

Hakansson (19306, 1931) also observed that B and C type 
heterozygous speltoids had 41 and 43 chromosomes respectively, 
and Miintzing (1930c) also found a speltoid mutant having 43 
chromosomes. 

Among the progeny of the cross T. vulgare var. Marquis x 
T. compactum , Vasiljev (1929) found a heterozygous speltoid with 
41 chromosomes, i.e., B type. Its normal segregates had 42 
chromosomes and the homozygous fatuoid segregates had 40 
chromosomes. The ratios of the three classes suggests that it is also 
of the B type. (Philiptschenko, 1929.) 

The ratio given by heterozygous fatuoids with 41 chromosomes, 
studied by Nishiyama (1931), was o-i normal: 1*5 heterozygote : 
1 dwarf sterile homozygous fatuoid. This is different from 
Huskins' strain, which gave 1:5-10: few dwarf and sterile. 
Possibly this is due to differences between the two races in the 
viability of the unbalanced gametes or to certation between the 
gametes with 20 and 21 chromosomes. 

Nishiyama also draws attention to an interesting point concerning 
the balance of the B and C chromosomes or groups of factors in the 
formulae used for the C types of fatuoids. In the heterozygotes of 
the B type the proportion of C to B is 1: 2, which is the same as in 
homozygous fatuoids of the C type. This indicates that the 
phenotype of the C type homozygous fatuoids should approach that 
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of a heterozygote. This may actually be the case but it has never 
been reported. If, on the other hand, the C type homozygous 
fatuoids are phenotypically true fatuoids the formulas based on 
Huskins’ chromosome hypothesis and Jones’ mutation hypothesis, 
ABCB . ABCC 2 

and respectively, seem less convincing. 

ABCB A BCC 2 

These chromosomal mutants in oats and wheat therefore 
illustrate that the loss or gain of a chromosome in a polyploid has 
less effect on the viability of the plant as compared with a diploid. 
They also show the effect of chromosomal unbalance on the 
phenotype. This is of particular interest in this case because it 
permits the production of some characters typical of another 
species. It is also important in that it demonstrates their allopoly¬ 
ploid nature. Further, they show the effect of chromosomal 
unbalance in the type of ratios the heterozygotes produce. 

The explanation on the chromosomal basis with regard to the B 
and C types of fatuoids and speltoids seems to be beyond dispute 
but there appears to be some doubt concerning the origin of the 
A types. 

Throughout the literature on speltoids there is evidence of great 
variation in the ratios obtained and of the occurrence of aberrant 
types. Unfortunately, some workers have not allowed for the 
effect of winter-killing which vitiates the results. Moreover, 
natural crossing in these strains takes place fairly frequently as a 
result of their pollen sterility, especially in those plants with 
abnormal chromosome numbers, and many of the aberrant types may 
have arisen in this way. It is therefore difficult to be certain about 
the results which do not appear to fit in with the chromosome 
hypothesis. Moreover, as Huskins has pointed out, these strains are 
cytologically irregular—deficiency of parts of chromosomes, 
segmental interchange and crossing-over between the B and C 
chromosomes may take place, all of which add to the general 
complexity of the problem. In this way the genetical ratios may 
become modified and more complicated. In addition it is possible 
that the A chromosome may contain factors similar to those of the 
C chromosome. Philp (1935) was able to show that the inheritance 
of a form of albinism in oats was associated with chromosome 
behaviour similar to that of the C chromosome. Green hybrids of 



220 


ALLOPOLYPLOIDS 


A. saliva X A . fatua segregated in the ratio i green : 6 white 
seedlings. The green plants had 41 chromosomes, the albino plants 
had 40 chromosomes—the ratio depends on the amount of elimina¬ 
tion of the extra chromosome. The extra chromosome carried a 
dominant green gene in the presence of which the genes for albinism 
did not express themselves. By crossing-over between this chromo¬ 
some and a comparable chromosome of different phylo-genetic 
origin, plants were obtained which were either pure-breeding for green 
or segregated 3 green : 1 albino. Philp (1938) has demonstrated 
similar phenomena between broad and narrow leaved oats. 

Allopolyploidy and Evolution. The evolutionary importance of 
allopolyploidy cannot be over-emphasised. The realisation that 
such forms are prevalent has changed the genetical outlook on many 
problems. We have already touched upon the subject of hybrid 
vigour, and here attention should be drawn to the phylogenetic 
viewpoint. 

Obviously the parental species of Primula Kewensis had a 
common origin, and since differentiation one from the other, their 
chromosomes have undergone translocation, inversion and inter¬ 
change. The same applies to the tetraploid Fragaria and other 
polyploids. Genetical material may have altered to such an 
extent that the chromatin parts formerly homologous are now 
non-homologous. The appearance in these hybrids of a quadrivalent 
indicates that differentiation of chromosomes has not proceeded 
equally among all the chromosomes. This, of course, is to be 
expected. 

In allopolyploids of long standing there is greater probability that 
autosyndesis will take place since the presence of more than two 
homologous chromosomes will reduce fertility (see p. 176). It is, 
therefore, almost a constant feature of wild polyploids that they are 
alio- and not autopolyploids. 

For similar reasons in allopolyploids as in structural hybrids, 
the results of any differentiation of chromosomes or of their genetic 
material will be less affected by natural selection than in diploids. 
There may therefore be difficulty in determining the original diploid 
progenitors of an allopolyploid of long standing. 

Study of meiosis alone in an allopolyploid whose ancestry is 
unknown does not help very much in this direction. Under these 
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circumstances it is difficult to determine which type of pairing is 
taking place. Meiosis of hybrids between an allopolyploid and other 
species, preferably diploid species, however, provides this evidence. 
For example, Ljungdahl (1924) found that the hybrid between the 
polyploid Papaver striatocarpum (2n — 70) and the diploid P. 
nudicaule (2 n = 14) had 42 chromosomes which paired to form 
twenty-one bivalents. Clearly seven nudicaule chromosomes paired 
with seven striatocarpum chromosomes (allosyndesis) and the 
remaining twenty-eight striatocarpum chromosomes paired among 
themselves (autosyndesis). Thus it may be deduced that a diploid 
ancestor of P. striatocarpum , if not identical with P. nudicaule , was 
very closely related to it. Further, P. striatocarpum probably has 
two other diploid ancestors which were closely related and probably 
of common ancestry. In such hybrids pairing among all the 
chromosomes does not always occur very often allosyndesis occurs 
and the rest of the chromosomes remain unpaired. Papaver 
somniferum (2 n = 22) X P. orientate (2 n ~ 42) gives a hybrid 
with 32 chromosomes. Ljungdahl (1922) found that eleven bivalents 
and ten univalents were formed at meiosis, and it is considered that 
allosyndesis had taken place between the somniferum and orientate 
chromosomes while the remainder of the orientate chromosomes 
remain unpaired. Again it is concluded that P. orientate is an 
allopolyploid, one of whose ancestors are closely related phylo- 
genetically to P. somniferum . Similar examples to this are to be 
found in Nicotiana (see p. 305). 

Genetical work may indicate the probable origin of a polyploid 
isolated by cytological means. Thus Lawrence (1933) has shown 
that Dahlia variabilis is most probably a hybrid between the two 
sections of Dahlia which differ in anthocyanin and flavone pigments. 
Dahlia variabilis is the only species which combines both series of 
genes for these pigments in one species. Likewise Prunus domestica, 
a hexaploid, combines colours of fruit of P. cerasifera and P. spinosa. 
Consequently Crane was of the opinion that these species or similar 
ones were the putative parents. Rybin has synthesised forms 
resembling the commercial plum by doubling the chromosomes of the 
hybrid P. spinosa X P. divaricata (Crane and Lawrence, 1938). 

Secondary Pairing. A cytological phenomenon known as 
" secondary pairing ” is of great assistance in determining the 



222 


ALLOPOLYPLOIDS 


distant relationships between the different sets of chromosomes in 
allopolyploids and hence their parentage. Further, it has provided 
an explanation of the cause of the complexity in genetic segregation 
in certain cases. 

Secondary pairing has only been observed in polyploids having 
small chromosomes, and it consists of groups of bivalents lying close 
together at first and at second metaphase. This is not due to 
chiasma formation, but is considered to be a generalised attraction 
analogous to that of the homologous pairs of chromosomes at 
metaphase in mitosis. The attraction is taken to indicate some 
slight degree of similarity between the chromosomes concerned. 
Secondary pairing was first clearly shown by Kuwada (1910), and 
has been observed by Ishikawa (1911); Rybin (1927), Crane and 
Darlington (1927), Meurman (1929), Lawrence (1929, 1931a,6,c), 
Darlington and Moffett (1930), and Moffett (1931). It is discussed 
in detail by Darlington (1931a) and Lawrence (1931c). Caution in 
accepting the implications of secondary pairing is necessary in the 
light of our knowledge of structural changes. 

In RT 4 and in the parent tetraploid species Rubus thyrsiger 
secondary pairing occurs (Crane and Darlington, 1927). This 
shows that there is some similarity between the chromosome sets of 
R. thyrsiger , and hence confirms the genetical evidence of auto¬ 
syndesis in RT 4 . 

Secondary Polyploids. Cytological studies of the Pomoiderz by 
Darlington and Moffett (1930) and Moffett (1931) where multiple 
association of chromosomes and secondary pairing were observed 
are of great importance, especially with regard to their conclusions. 

The basic chromosome number of Pyrus is 17. Diploid varieties 
of apples with 34 somatic chromosomes and triploid varieties with 
51 somatic chromosomes occur in cultivation. In meiosis of diploids 
Darlington and Moffett found that seventeen bivalents were 
usually formed and that secondary pairing also occurred. The 
degree of secondary pairing was variable. Generally nine bivalents 
formed three groups of three, and eight bivalents formed four 
groups of four. In isolated cases this form of grouping was found 
complete in a cell, i.e ., seven groups of chromosomes when seventeen 
would be expected if no secondary pairing had taken place. Triva- 
lents were usually formed in triploids, but associations of from four to 
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nine chromosomes occurred, the association of nine chromosomes, 
however, being rare. 

They conclude that secondary pairing in the diploids is evidence 
of similarity of certain chromosomes within the sets, but the degree 
of similarity is insufficient to allow of autosyndesis. Multiple 
associations of chromosomes in the triploids confirm this view. 
They consider that the third set of chromosomes make a bridge 
between the secondarily associated bivalents of the diploid, 
indicating that autosyndesis occurs within each of the supposed 
three haploid sets. They therefore conclude that the diploid has 
really only seven types of chromosomes; three are represented six 
times and four are represented four times, i.e ., it is a trebly hexasomic 
tetraploid. The haploid chromosome complement of the diploid 
apple, may be represented thus :— 

AAA 

BBB 

CCC 

DD 

EE 

FF 

GG 

The derived series of polyploids in the Pomoideae (2 n — 34, 51, 68) 
they regard as secondary polyploids having a primary basic 
chromosome number of seven, the number seventeen being a 
secondary basic number. 

In support of these conclusions they quote the following evidence. 
Among natural seedlings of the triploid apple variety, Bramley’s 
Seedling (2 n =51) (almost certainly their male parents were 
diploid varieties) those having 41 chromosomes were most frequent. 
From a normal triploid with 51 chromosomes it would be expected 
that those plants having 25 or 26 + 17, i.e., 42 or 43 chromosomes, 
would be most frequent among the progeny. The number 41, 
however, happens to be the sum of the primary haploid number 7 
and the secondary diploid number 34. Thus they suggest that the 
41 chromosome seedlings predominate because of their chromosome 
balance; they have obtained the primary balance of 7 and the 
secondary balance of 17. 
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Further support of this hypothesis is provided by the fact that 
certain types of somatic chromosomes can be recognised to be 
represented in the expected number of times. Moffett (1931) has 
made a cytological study of a large number of the Pomoidece , and 
found that they all agree with the conclusions arrived at from the 
study of the apples. 

Darlington and Moffett point out that Rosa , Rubus , Geum, 
Fragaria and Potentilla have the basic number seven, and they 
suggest that the production of this secondary basic number has 
been a definite evolutionary step towards producing the Pomoidece. 

It is not surprising that the cytological complexity of the apple 
should be reflected in its genetic behaviour. This is shown to be 
the case with regard to its behaviour concerning incompatibility. 
Table 7 shows that fewer varieties of apples are self-incompatible 
than in either hexaploid plums or diploid cherries. It also shows 
that the frequency of both self and cross incompatibility in apples, 
plums and cherries increases as the cytological complexity decreases. 
Reference to the method of inheritance of incompatibility in diploids 
will illustrate why this result is to be expected (see p. 40). 

The general genetic behaviour of diploid and hexaploid Primus 
species and the apple may be compared in order to demonstrate 
the correlation between degree of cytological complexity and degree 
of genetical complexity. In diploid plums, cherries and peaches, 
variation in most of the characters so far studied is discontinuous 
and distinct (Crane, 1921). 

In hexaploid plums, variation is much less discontinuous and less 
distinct than in diploid species of Prunus. In apples, inheritance 
is more complex than in hexaploid plums (Crane and Lawrence, 
I 933)* A few characters are discontinuous, but many show almost 
complete intergradation from one extreme to the other. 

Conclusions. The outstanding feature of allopolyploids is that 
their genetic behaviour depends on the type of chromosome pairing 
at meiosis, which may be autosyndetic, allosyndetic, or free pairing. 
Pairing in turn depends on the relationships of the chromosomes, 
and hence on the ancestry of the allopolyploid. Variation in the 
degree of relationship of the chromosomes in an allopolyploid 
results in much variation in type of pairing, and hence to very 
complex genetic segregation. 
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EUPLOIDS AND ANEUPLOIDS 

Triploids—Primary, secondary and tertiary trisomics—Trisomic Inheritance 
—Balance—Haploids. 

TRIPLOIDS 

Origin. Triploids may be produced experimentally by inter¬ 
crossing diploids and tetraploids. They occur in nature through 
the mating of gametes containing 2x and x chromosomes respectively. 
Thus, triploids have been found among normal diploid plants in 
tomato (Lesley and Mann (1925), Lesley (1928)), Tulipa (Newton 
(1926), Newton and Darlington (1929), de Mol (1928, 1929)), 
Hyacinthus (de Mol (19270,6), Darlington (19296)), Aconitum wild 
species (Darlington, unpublished), Narcissus (Nagao, 1929), 
Pomoidea (Darlington and Moffett (1930), Moffett (1931)), and in 
many other genera. These have arisen presumably from a diploid 
plant through the production of a gamete with the unreduced 
number of chromosomes. The morphology of triploids, like tetra¬ 
ploids, is usually similar to that of the related diploid, but the habit 
is more vigorous. Earlier workers emphasised this difference by 
designating the triploid and tetraploid forms of a species with the 
names semi-gigas and gigas respectively. There are a few examples, 
such as Raphanus-Brassica, Primula Kewensis and Rubus, where 
the triploid shows qualitative differences from the diploid and 
tetraploid form. These differences arise from the interaction of 
■factors of dissimilar phylogeny. 

It is useful for the purposes of genetic discussion to make a 
distinction between triploids which have arisen by crossing two 
plants of different phylogeny and those which have arisen through 
the crossing of plants of similar origin. The first class of triploids, 
having three sets of chromosomes, of which at least one is distinct 
from the other two, may be called allotriploids. The second class 
with all three sets of chromosomes homologous may be called 
autotriploids. 
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Usually the cross 4% x 2x is more productive than the reciprocal 
cross 2% X 4%. For example, the diploid forms of Primula sinensis , 
Datum Stramonium , Solanum Lycopersicum , and Campanula 
persicifolia , when used as females in crosses with the tetraploid 
forms, set no seed. On the other hand, the crosses Nicotiana 
glutinosa (2^=24) X N. Tabacum purpurea (2« === 48), Rubus 
rusticams inermis (2 n = 14) X R. thyrsiger (2n = 28) and Phleum 
pratense [an = 14) x P. alpinum (2 « = 28) are fertile and produce 
triploids. 

The reciprocal cross 4% X 2# has given rise to most of the experi¬ 
mentally produced triploids, Primula sinensis (Somme (1930), de 
Winton and Haldane (1931) ), Datura (Blakeslee, Belling and 
Farnham, 1923), Solanum Lycopersicum (Lesley (1928), Sansome 
(unpub.)), Campanula persicifolia (Gairdner, 1926) and Primula 
malacoides (Philp, unpub.). 

The fertility of the cross, 4.x x x, is from 0-5% to 20% of the 
normal cross, 2x x 2% (cf. Lesley and Lesley (1930), McClintock and 
Hill (1931), Somme (1930), Buchholz and Blakeslee (1929)). 

There are probably two main causes underlying the greater 
sterility of the cross, 2% X 4X, as compared with the reciprocal. In 
Datura the pollen tubes carrying 2% chromosomes burst soon after 
pollination of a 2% style (Buchholz and Blakeslee, 1929). In 
Primula sinensis 2% pollen grains show greatly reduced germination 
(about 2%). Those which do germinate have no directional proper¬ 
ties, as in incompatible pollinations in Grammes and Tulipa 
(Sansome, unpub.). 

The other cause of sterility in this cross is the reaction of the 2% 
tissue of the mother plant with the 4% tissue of the endosperm and 
3% embryo. The normal balance in a hybrid, diploid x diploid is, 
of course, mother plant tissue 2x, endosperm 3% and embryo 2% 
(cf. Watkins (1932) and review by Miintzing (1933) ). 

It is noteworthy that the majority of successful crosses of the 
nature 2% x 4X, have been between species. This might be expected 
for the following reason. If we designate the chromosomes of one 
species, used as the female, as 2x, and of the other, used as male, as 
4X 1 , then the mother plant tissue is 2 %, the hybrid endosperm is 
2% + 2X 1 and the hybrid embryo is x + 2X 1 . This is more similar 
to the normal chromosomal ratio of mother, endosperm and embryo, 
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18R+9B 18R+18B 27R+18B 24R+27B 

D E F G- 


Fig. 31. Pods, somatic plates of chromosomes and formulae for 
Raphanus (A), Bvassica (B), diploid (C), triploid (D), tetraploid 
(E), pentaploid (F), and hypohexaploid (G) hybrids. 

- (Karpechenko, 1928.) 

than in the reciprocal and more fertile cross where the ratio is: — 
mother, 4 x : endosperm, 4# 1 + x ; embryo, 2 x 1 + x. Miintzing 


8—2 
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(1933) reviews the work of Watkins, Kihara, Nishiyama and 
Thompson on reciprocal crosses, 

When the triploid results from the hybridisation of plants with 
differing characters, the expression of these characters is sometimes 
of interest. For example, P. Kewensis (4# = 36), backcrossecl to 
one of its parents P. floribunda [2% = 18) gave two plants approxi¬ 
mately tetraploid and three plants approximately triploid. All 
five plants had the thick covering of hair characteristic of 
P. floribunda which is not present in P. Kewensis . It is suggested 
that P. floribunda has contributed one set of chromosomes to form 
the triploids and two sets to form the tetraploids. Therefore in 
the triploids there would be two sets of floribunda to one of 
verticillata , and in the tetraploids three sets of floribunda to one of 
verticillata (Newton and Pellew, 1929). 

Figure 31 from Karpechenko (1928) illustrates the remarkable 
behaviour of the hybrids of Raphanus and Brassica. The sterile F x 
hybrid contains nine chromosomes of Raphanus (R) and nine of 
Brassica (B) (see p. 168). According to the different ratios of the 
R; B chromosomes in derivatives, Karpechenko (1927, 1928) 
observed proportional variation in the characteristic shape of 
the siliqua of the two genera. 

Similar striking examples may be found in Rubus rusticanus 
inermis X R. thyrsiger (Crane and Darlington, 1927), and in Funaria 
hygrometrica (Wettstein, 1924a). 

Cytology. Cytological examination of triploids of numerous 
species confirms the general conclusions from genetical data and 
breeding work (see literature key). It has been found that trivalents 
are formed more frequently by the longer than by the shorter 
chromosomes of Tulipa (Newton and Darlington (1927), Darlington 
and Mather (1932)), Zea Mays (McClintock and Hill, 1931), 
Hyacinthus (Belling (1927a, 1929), Darlington (1929&), Stone and 
Mather (1932)). If metaphase pairing depends on the retention of 
chiasmata formed at prophase in meiosis, the minimum number of 
chiasmata required to form a trivalent is two compared with one 
chiasma required for bivalent formation. It is usual to find that 
the chiasma frequency per nucleus is higher in the triploid than in 
the comparable diploid ( Tulipa , Hyacinthus , Henterocallis, 
Lycopersicum ). Thus the frequency of chiasma formation is not 



CYTOLOGY 


229 


proportional to the chromosome length paired. In both diploids 
and triploids the length for potential chiasma formation is the 
length of the chromosome, but two chromosomes are available in 
the diploid and three in the triploid. This fact is in accordance with 
the varied genetical results from Drosophila , Zea and Lycopersicum, 
in which the crossing-over per chromosome in triploids corresponds 
with that in diploids. 

The formation of trivalents leads to regular numerical non¬ 
disjunction of one of the three homologous chromosomes. Random 
distribution will therefore be represented by a binomial curve 
ranging from the j.x-2x number of chromosomes. Thus in 1,000 
p.m.cs., of triploid Datura with x = 12, the expected and observed 
percentages were (Satina and Blakeslee, 1937) :— 


Chromosome Assortment to the Poles at Metaphase I. 



12 + 24 

13 + 23 

14 + 22 

15 + 21 

16 4* 20 

17 + 19 

18 + 18 

Observed 

o- 8 % 

4 ' 5 % 

8 - 5 % 

14 - 5 % 

22 - 9 % 

30-8% 

l8*0% 

Expected 

0-05% 

°‘6% 

3 - 2 % 

10-7% 

24 - 2 % 

38 - 7 % 

22*6% 


It will be observed that the greatest number of p.m.cs. gave 17- 
19 chromosomes to each pole. The observed proportion at ix and 
2 x is significantly greater than the calculated frequency (16 times 
more frequent). The reason for this preferential disjunction is 
unknown. Sturtevant (1936) and Lesley (1937) mention possible 
signs of non-random disjunction in Drosophila and Lycopersicum. 
When a trivalent is not formed but is replaced by a bivalent and 
univalent as a result of a low chiasma frequency or of reduction in 
homology as in structural hybrids or allotriploids, the irregularities 
of the division are greater. This is due to the fact that the uni¬ 
valents formed may not be included in the division spindles at the 
first or second meiotic divisions, and therefore are lost in the 
cytoplasm. When the univalent is included in the division it will 
divide once at either the first or second division and be distributed, 
possibly at random, during the alternative division. Where the 
divisions are very irregular, gametes may be produced with 
chromosome numbers higher than 2% as a result of random inclusion 
of extra univalents in a cell. (e.g. Phleum.) Triploids, pentaploids 
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and haploids, therefore, are expected to give rise to progeny with 
unusual chromosome numbers. 

In the diploid Raphanus-Brassica hybrid (Karpechenko, 1927a,6, 
1928), where no pairing takes place between the 9R and 9B chromo¬ 
somes, only gametes with approximately the diploid or tetraploid 
number were fertile. The selfed progeny consisted of tetraploids, a 
few with 37-38 chromosomes, and some plants with reduced 
development and other peculiarities had about 54 chromosomes. 
No triploids were found. Triploid hybrids (18R + 9B) when 
selfed, gave mainly diploids, triploids and a few hyperdiploids and 
hypotriploids. No hypodiploids, triploids or hypertriploids were 
obtained. 

The (Enothera triploid semi-gigas (gx = 21) when crossed with 
diploids such as 0 . Lamarckiana or 0 . velutina gave rise to progeny 
with chromosome numbers ranging from 14 to 20 with the mode in 
the 15 chromosome class (de Vries and Boedijn (1924), van Overeem 
(1920)). 

With the exception of some (Enothera species, however, deriva¬ 
tives with the 2% and 4# chromosome numbers are most frequent, 
together with a few forms with chromosome numbers of the 2 x + x, 
2x+2 J 4x—2, 4#—i, 4#+i and4^+2 types. Considerable informa¬ 
tion is provided by Satina and Blakeslee (1937a, 6) who have studied 
the proportion of nuclei with different chromosome numbers at each 
stage of gametogenesis. Following the preferential production of 
ix and 2x nuclei at Division I mentioned above there is an elimina¬ 
tion of lagging chromosomes at Division I and II, gametic abortion, 
and preferential functioning on both male and female sides. These 
increase the proportion of functional male xx gametes to as much 
as 3,000 times that expected on random assortment and the female 
xx gametes to a less extent! 

Progeny of Triploids. When the cross 3# X 2 x is made in Datura 
the progeny consists of 53% of 2# + 1 forms, 28% of 2 x forms, 
16% of 2% + 1 + 1 forms and 1*4% of forms with other chromo¬ 
some numbers. Similar proportions have been found in tomato 
(Lesley, 1928) and maize (McClintock and Hill, 1931). 

Selfing a triploid Datura generally gives a small proportion of 
tetraploids together with 56% of 2* + 1 forms. The proportion 
of tetraploids from selfed triploids of tomato is much higher than in 



TRISOMICS 


231 


Datura . Unfortunately, there are little data of the cross gx x 2% 
in P. sinensis or tomato. 

The reason for the discrepancy between the observed chromosome 
numbers of triploid derivatives and those expected from cytological 
examination is bound up with the viability of the gametes and 
zygotes. This in turn depends on the genetical constitution. It is 
expected that the behaviour of factors in a normal haploid nucleus 
will be different from that in a nucleus containing reduplicated parts 
of the chromatin as in x + 1, x + 2, etc., gametes. The amount of 
reduplication of a part of the chromatin as compared with the rest 
of the chromatin is probably a measure of the unbalance of the 
genetical constitution. Under different conditions—diploid style or 
embryo-sac, triploid and tetraploid style, etc.—the male gametes 
with different proportions of reduplications wilhreact differently 
(cf. Darlington (19296) and Darlington and Moffett (1930), etc.). 
This will be further considered later. 

The characteristic sterility of triploids is due to the production 
of a large proportion of gametes containing duplications and 
deficiencies. 


TRISOMICS 

The unbalanced forms with 2x + 1 chromosomes found in the 
progeny of triploids may also arise from diploids through non¬ 
disjunction of one bivalent, e.g., Matthiola incana var. Snowflake 
(Frost and Mann, 1924) and Datura. Cold treated plants of Datura 
gave the trisomic form Poinsettia (Blakeslee and Farnham, 1923), 
while a whole series of forms was obtained in the progeny of a 
haploid Datura plant through irregularities in meiosis (Blakeslee, 
Morrison and Avery (1927), Satina, Blakeslee and Harvey (1937)). 

Primary Trisomics. Together with the normal diploid complement 
there is an extra chromosome of the haploid set in primary trisomics. 
Thus in a 2% -f- 1 form of maize with 21 chromosomes, it was found 
that 9 of the chromosomes of the basic set were represented twice, 
but. the tenth and smallest chromosome (which carries the r.g. 
linkage group) was represented three times. 

If the haploid number of chromosomes is 12 as in Datura and 
tomato, there are twelve possible types of primary trisomics 
corresponding to each of the twelve chromosomes. The presence 
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of a chromosome in excess of the normal complement is accompanied 
by a change, which may be observable in the expression of the 
characters of the individual. 

Blakeslee and Belling (19246) and Blakeslee (1930) were able to 
identify all of the twelve possible trisomics of Datum by the 
shape of the fruit. Other parts of the plant were also affected, 
but fruit shape was more easily described and analysed. These 
trisomics have been named globe, poinsettia, cocklebur, ilex, 
echinus, rolled, buckling, glossy, microcarpic, elongate, reduced, 
and spinach, respectively (see Fig. 32). 

Lesley (1928) identified nine out of the possible twelve trisomics 
of tomato, while all of the ten chromosomes of maize have been 
associated with known genetical linkage groups by means of the 
analysis of trisomics. 

Trisomic Inheritance. In a plant with three homologous chromo¬ 
somes A, B and C, random pairing followed by disjunction of two 
chromosomes to opposite poles and non-disjunction of the third will 
give the gametes AB, AC, BC, A, B and C. Therefore in a trisomic 
plant there will be normal disomic ratios for all factors not contained 
in the trivalent and a trisomic ratio for the factors borne by the 
trivalent. 

In the light of our knowledge of chromatid segregation (the 
production of equational exceptions, see p. 99). it is now apparent 
that the segregation of each gene is influenced by the amount of 
crossing-over between the centromere and the locus of the gene. 
We may, however, obtain a first approximation by assuming 
chromosome segregation. 

If the trisomic plant is simplex for a factor X (Xxx), the gametic 
output will be iX : 2Xx : 2x: ixx and the ratio of gametes containing 
the dominant and recessives will be 1:1. 

*In a duplex trisomic (XXx) the gametic output will be iXX : 2X : 
2Xx: ix and the ratio of dominant to recessive gametes will be 
5 :1. Equal numbers of x and x + 1 gametes are expected to be 
formed on this assumption. It has been found, however, that the 
transmission of the % + 1 gametes is reduced in trisomics of maize, 
Datura and tomato, especially on the male side. 

The degree of transmission of x + 1 gametes varies with the 
particular chromosome in excess. Thus the extra chromosome of 
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7 ig, 32. Capsules of the 12 primary [zx + 1) types of Datura 
Stramonium with a capsule of a normal plant above. 

(Blakeslce, 193°-) 


[To face p. 232 
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the Poinsettia trisomic Datura is rarely transmitted through the 
pollen, while the Globe trisomic is transmitted in about 2% of 
cases. In maize and tomato the extra chromosome is rarely 
transmitted through the pollen. 

Interesting work in this connection has been done by Buchholz 
and Blakeslee (1922, 1927a,6, c, 1929, 19300,6). They were able to 
dissect the styles, and by suitable staining to observe the pollen 
tubes. They analysed all the possible crosses between the polyploid 
forms of Datura and also trisomic hybrids. They find, for example, 
that in the trisomic Cocklebur, the amount of pollen tube growth, 
twelve hours after pollination, exhibited a bimodal curve. The two 
modal classes corresponded to the pollen tubes carrying x and 
x + 1. The x carrying pollen grains constitute the group with 
greatest tube growth. The comparative rate of growth per hour 
was 2*6 : 1*9 mm. 

The application of much pollen to the stigma reduces the propor¬ 
tion of x + 1 pollen tubes which reach the ovules. When more than 
500 pollen grains from the Globe trisomic were applied to the stigma 
of a diploid the progeny had few trisomic plants. When the style 
was cut off after the fast-growing tubes had entered the ovary, only 
the x carrying pollen tubes were found to have functioned. Limited 
pollination followed by separation of the seeds from the lower and 
upper half of the ovary also showed that the x + 1 carrying tubes 
grew more slowly. In the upper half of the ovary only 2x seeds were 
found, while a higher proportion of 2#+i embryos than usual were 
found in the lower half (cf. p. 37). Pollination by a special method 
whereby the style was artificially shortened increased by 15 times 
the proportion of (2 x + 1) seed (Buchholz, Doak and Blakeslee, 
1932 ). 

On the female side it is found that in place of 50%, only 30% of 
the egg cells contain x + 1 chromosomes. McClintock and Hill 
point out that the univalent may or may not be included in the 
first and second divisions when a bivalent and univalent are formed 
instead of a trivalent (they have observed this fact). The univalent 
may undergo division either at the first or second division. If 
it is lost in the cytoplasm through not being included on the spindle, 
the number of x gametes will be increased at. the expense of the 
x + 1 gametes (see also Satina and Blakeslee, 1937). 
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In Datura the extra chromosome is transmitted through the female 
side in different proportions in the different trisomics (see Table 39). 
The transmission of the x + i gametes through the female is 
greater in Datura , tomato and Matthiola when the trisomic is 
pollinated with a diploid or another trisomic. Blakeslee has 
suggested that the increased vigour of the embryo resulting from 
outcrossing is the reason for this. 

Table 39 

Transmission of the extra Chromosome through the Egg of Primary 
Trisomic Plants of Datura and Tomato. 

Datura Stramonium Tomato 


Globe 

. 29-0% 

Triplo-A 

• 23 % 

Poinsettia. 

• 277% 

„ B 

• 27% 

Cocklebur . 

• 26-39% 

„ c 

• 15 % 

Ilex , 

• 32-0% 



Echinus . 

• 30-9% 



Rolled 

. 20-1% 



Reduced . 

. 18-69% 



Buckling . 

• 30 - 9 % 



Elongate . 

. io-8% 




Table 40 gives the phenotypic ratios and genetic types to be 
expected from a trisomic plant on the assumption that % + 1 pollen 
tubes are nonfunctional. 

The experimental results from Datura are in general agreement 
with the expected ratios. Those of Lycopersicum (Table 42) and 
of Zea (see p. 99) show disagreement as a result of the production 
of equational exceptions. In Lycopersicum the ratio of the diploid 
progeny apparently approaches the expected ratio, but the presence 
of i7<i, 17P and 6s in the trisomic progeny where none is expected 
indicates how such qualitative evidence is much more informative 
than the quantitative (from the diploid progeny). 

Trisomic inheritance of doubleness in Matthiola incana , which, 
however, is complicated by lethals, is given by Frost (1931). 

Secondary and Tertiary Trisomics. Early in the investigations on 
Datura it was found that primary trisomics, such as Cocklebur 
trisomic for chromosome 11*12, gave rise occasionally to other 
(secondary) trisomics with different, morphological features, e.g. 
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Table 40 

Trisomic Inheritance of an Allelomorphic Pair A, a in a (2 n + 1) 
Mutant when the Extra Chromosome is not carried by the Pollen, 
Formulae for Parents, Gametes and both 2 n and (2n +* 1) 
Offspring (Blakeslee and Farnham, 1923). 
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Table 41 

Trisomic Inheritance of the Allelomorphic Characters Purple (P) 
and White (p) flower colour in the Trisomic Datura Mutant 
Poinsettia. {After Blakeslee and Farnham, 1923.) 


Cross. 

Number 

Normals. 

Poinsettius. 

of 

families. 

P 

P 

Dev. 

P.E. 

p 

P 

Dev. 

TuT 

P 3 xP 3 

10 

882 

0 

_ 

263 

0 

_ 

Calculated 

— 

882 

0 

— 

263 

0 

— 

P 2 p X P 2 p 

29 

1826 

220 

— 

692 

0 

— 

Calculated 

— 

1818-7 

227-3^9-58 

o-8 

692 

0 

— 

X Pp 2 

7 

292 

95 

— 

135 

0 

— 

Calculated 


301 

86±5*5i 

1*6 

1 35 

0 

— 

X P 3 

2 

70 

46 

— 

49 

1 

— 

Calculated 

— 

77*3 

3 8 - 7 ± 3- 4 2 

2*1 

50 

0 

— 

X Pp 

4 

218 

36 

— 

X 2 X 

0 

— 

Calculated 


211-8 

42-2±4-OI 

1*5 

121 

0 

— 

X p 2 

14 

645 

281 


409 

0 

— 

Calculated 


617-3 

3 o 8 - 7 ± 9-66 

2-9 

: 409 

0 


Pp2 X P 2 p 

13 

574 

l60 

— 

337 

39 

— 

Calculated 

— 

57°-9 

163*1 ±7-59 

o -4 

334*2 

4I-8±4-ii 

0-7 

X Pp2 

35 

1287 

995 


870 

223 


Calculated 

— 

I267-8 

1014-2 ±16-01 

1-2 

850-1 

242*9 i9*27 

2-1 

„ X , p 3 

4 

171 

292 

— 

142 

75 

— 

Calculated 


154*7 

3 ° 9 - 3 ± 6-84 

2*5 

* 44*7 

72*3 ±4*68 

o*6 

Pp 

7 

356 

196 

— 

218 

40 

— 

Calculated 


368 

x 84 ± 7*46 

i-6 

215 

43 ± 4*°4 

o -7 

X p 2 

10 

2x9 

436 

— 

206 

84 

1 

Calculated 

— 

218-3 

436-7^8-13 

o-x 

193*3 

96 - 7 ± 5 - 4 i 

2-3 

p 3 X P 2 p 

2 

, 4i2 

233 

— 

185 

109 

— 

Calculated 

— 

430 

2i5±8-07 

2-2 

196 

98 ± 5*45 

2*0 

X Pp2 

3 

222 

436 

— 

88 

201 

— 

Calculated 


219-3 

43 8-7±8-i5 

o *3 

96-3 

* 92 * 7 ± 5 ‘ 4 ° 

i *5 

X p 3 

1 

0 

M 3 

— 

0 

73 

— 

Calculated 

— 

0 

M 3 

— 

0 

73 

— 

X Pp 

6 

170 

175 

— 

66 

95 

— 

Calculated 

— 

172-5 

i 72 - 5 ± 6-27 

o *4 

80*5 

80-5 ±4*28 

3*4 

P2 X P 2 p 

9 

1958 

1040 


__ 



Calculated 


1998*7 

999 - 3 ± 17*39 

2-3 

— 

— 

— 

X Pp 2 

12 

1166 

2392 

_ 

_ 

, 

_ 

Calculated 

1 

1186 

2732 ±i 8-94 

I-I 

— 

— 

_ 


Wedge (ii-ii). Philp and Huskins (1931), Huskins and Hunter 
(1933) report secondary trisomics in Matthiola, and Rhoades (1938) 
found a secondary trisomic in Zea. 

The cytology of the secondary trisomic (Belling (1927a, 1928a), 
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Belling and Blakeslee (19246) ) shows that there may be a closed 
ring of three chromosomes, while in a primary only a chain is 
possible. The hypothesis of these authors is that the secondary 
trisomic has three chromosomes, two of which are normal in struc¬ 
ture and homologous, but the third has two similar ends, which are 
homologous with one end of one of the other two chromosomes 
(of. diagram, Fig. 33). 

The genetical behaviour of primary and secondary trisomics is 
different, and enables one to separate the two types. The primary 
trisomic gives rise to forms like itself, to normals, and to a small 
and irregular percentage of the related secondaries. A secondary 
trisomic gives rise to normals, to the related primary trisomic, and 
to forms like itself in definite proportions. 

Table 42 

Trisomic Inheritance of the Characters dwarf d, peach p, compound 
s in the Trisomic Tomato Mutant Triplo A . (After Lesley , 1937.) 

d 1 PS/D 1 ps/D 1 Ps X djps/djps 


dPS . 

Diploid progeny. 

. 112 

Triploid progeny 

6 

DpS . 

• 150 

17 

DPs . 

62 

5 

DPS . 

• 47 

191 

dpS . 

4 

. . 0 

dPs . 

• 15 

1 

Dps . 

. 18 

0 

D/d 

Diploid progeny. 

P/P 

S/s 

277/131 

236/172 

314/95 


expected on 2 : 1 basis. 272 :136. 
Triploid progeny 

D/d P/p 

218/17 218/17 

expected co : 0. 


S/s 

229/6 
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Table 43 

List of Primaries, Secondaries, and Tertiaries in Datura Stramonium 
arranged by size of Chromosomes in the Trisomic set. ( Blakeslee, 

I 93°0 

[Ends of chromosomes are designated by numbers 1 to 24] 


I 

2 

3 

4 


Secondary 

Primary 

Secondary 

Chromo- 

chromo- 

chromo- 

chromo- 

some 

somes and 

somes and 

somes and 

size class. 

(2M + 2/2) 

(2M+1) type 

(2W + 2/2) 


type. 


type. 

U . 

Py (i-i). 

R1 (1-2). 

Sg (2-2). 

1. 


Gs (3*4). 


I. 

St (5-5). 

Bk (5.6). 

At (6.6). 

M . 

Un (7-7). 

El (7-8). 


M° . 

Mt (9.9). 

Ec'(9*io°) ... 

Th (io°"io°) 

M°. 

Wd (ii.n)... 

Ck (11.12 0 )... 

M. 

Not named 

Me (13-14) — 

Not named 


(13-13)- 


• (I 4 -I 4 )- 

M. 

Sc (15*15)_ 

Rd (15.16)... 


m.... 

Df (17-18).... 

Pn (17-18) 


m°. 

Dv (19-19)... 

Sp (19*20°)... 


S°. 

G 1 (2I°-22)... 


s.. 


lx . 




| 1.1 


5 


6 


Tertiary 

chromosomes Genes located in particular 

and (2«-{~i) chromosome, 

type. 


DS= 2 -X 7 — 
Wy— i-i8 . 


p in Wy. 


ES-2-9. 
Ph=2*5. 
Hg=i*9. 
trSg—12-11-2 
Mp=4'6. 

«. 
Mp==4-6. 

Ph = 2-5. 


fw, Bz in 4 half. QS in 
Gs, half not yet deter¬ 
mined. 


SE= 9 -2o°. 

(io-i 9 ). 

Eb = 2-9. 
Hg= 1*9. 
trSg= 12-11-2. 

(II-2I). 

(12-22). 

X— 18-13. 


MS in cither Ec or Sp. 


in, tf, e, sky, in 12 half. 


al. 


DS«2-i7. 

WY = 1*18. 

X= 18-13. 

SE—9-20°. 

(10-19)- 

trlx— (20-19*23). 

( 3 * 2 X). 

4 - 22 ). 

II1*21). 

( 12 - 22 ). 

trlx« (20*19*23). 


tcin 16 half. 

c, wt in 17 half; p in 18 
half. 

sh. MS in either Sp or 
Ec. 

sc, bb, pi. 


sw. 


The ends 10°, 12 0 , 20° and 21° are characterised by terminal humps. 


R 1 = Rolled 
Gs = Glossy 
Bk = Bucking 
El = Elongate 
Ec = Echinus 
Ck — Cocklebur 
Me = Microcarpic 
Rd =s Reduced 
Pn — Poinsettia 
Sp = 

G1 =5 Glove 
lx = Ilex 


Py. = Polycarpic 
Sm. = Smooth 
St. = Strawberry 
Un. = Undulate 
Mt. = Mutilated 
Wd. = Wedge 

Sc. = Scalloped 
Df. = Dwarf 
Dv. = 


Sg. = Sugar loaf DS 

ssr 

Wy. 

= Wiry 

At. = Es. 

sss 

Ph. 

= Pinched 

Th. - Hg. 

= Hedge 

trSg. 

asa 

Mp. 

ass Maple 

X 

sa 

trlx 

= 
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On the theory of specificity of pairing a plant with a chromosome 
constitution, 2*1, i-i, 1*2 may exhibit a ring of three chromosomes 
at meiosis. A secondary trisomic of Datum having three chromo¬ 
somes of this constitution will therefore have the following gametic 
output (the remaining eleven chromosomes of the normal gametic 
complement are omitted in each case):—one 1*2 1*2 (x + 1 primary 
“trisomic” gamete): one i-i 1*2 (x + 1 secondary “trisomic” 
gamete): two 1*2 (normal gamete) : one 1*1 (abnormal reduplicated 
and deficient gamete). 

Corresponding to each primary trisomic, two secondaries of the 
types i-2 i-2 2*2 and 1*2 1*2 i-i are expected. Out of the twenty- 
four expected secondary trisomics in Datura fourteen have been 
found by Blakeslee and his co-workers (see Fig. 32). 

Tertiary trisomics consist of two pairs of homologous chromo¬ 
somes (i-2, i*2, 5-6, 5*6) and a third chromosome (2*5) consisting of 
parts of chromosomes 5-6 and 1*2, in addition to the remainder of 
the chromosome complement. 

Tertiary trisomics may result from segmental interchange between 
one of the trivalent chromosomes and a non-homologous chromo¬ 
some. Thus, if the original chromosome was 1 • 2 in a primary 
trisomic, inversion would produce 1 • 1 and 2 • 2 (secondary 
trisomics) and segmental interchange would produce 1-3, 2*4, 
etc., where 3 and 4 are segments of a chromosome not homologous 
with those of the trivalent. 

Table 43 gives a list of the primary trisomics and corresponding 
secondaries and tertiaries in Datura. They are arranged according 
to the length of the chromosomes of the trisomic set and the genes 
located in particular parts of chromosomes are also given. The 
American system of numbering the twenty-four ends of the chromo¬ 
somes is employed instead of the English system where letters are 
used. 

The tertiary chromosomes, represented by figures in parentheses, 
are those whose ends are known, but whose morphological effect 
when present as extras is unknown. 

BALANCE 

One of the most convincing proofs of balance between factors 
was given by Bridges (1922) on the sex determination in Drosophila 
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melanogaster . He proved that the balance between the X 
chromosome and autosomes (A) is responsible for the sex determina¬ 
tion. When the two X chromosomes in diploid flies (sex 
chromosomes, see p. 74) are balanced by the diploid set of auto¬ 
somes, the individual is female (2X : 271 ), and the male is obtained 
by the upset of the balance between the X and autosomes (xX : 2 A). 
The X chromosomes are female determiners and the autosomes 
(except the fourth chromosome) are male determiners. It is 
well known that the Y chromosome is concerned with fertility, but 
not with sex determination (Stern, 19260,6, 19270,6). Alteration 
of this balance between X and A in plus or minus direction yielded 
super female $X\2A, intersex 2X13 A, and super male A": 3 A 
individuals (see Table 44). 


Table 44 

Relation of Sex to Chromosomes in Drosophila melanogaster. 
(Bridges, 1922.) 


Sex. 


Super female 

/triploid 
Female -I diploid 
lhaploid 

Intersex j ^type 

Male . 

Super male . 


X-chromo- 

somes. 

Sets of Autosomes. 

Sex Index. 

3 

2 

i-5 

3 

2 

I 

2 

2 

1 

I 

I 

1 

2 

3 (-iv) 

•67+ 

2 

3 

•67 

I 

2 

•5 

X 

3 

•33 


The trisomics of Datura, of tomato (Lesley), of Matthiola (Frost 
(1919), Frost and Mann (1924), Lesley and Frost (1928)), and of 
maize (McClintock, 1930) give many illustrations of the effects 
of genic balance and shed considerable light on the genetic 
constitution of plants and animals. 

The morphological changes brought about by the reduplication 
of an identifiable part of the chromatin confirm the general view 
of the genetic differences of the parts. Each part of the chromatin 
content is specifically differentiated genetically. 






Fig. 35. Types of Matthiola incana with one, two and three extra 
chromosomes. From top left: Normal (14), Slender (14 + 1), 
extreme Slender (14 -j- >) ; below: Large (14 + 1), Large 
Slender (r4 + 1 -j- 1), Large extreme Slender (14 -f 1 +2). The 
“Slender” chromosome makes the leaves narrower; the 
“ Large ” chromosome makes the leaves fewer. (Frost, 1927.) 

[To face p. 24a. 
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The effect of an extra chromosome, or part of a chromosome, upon 
character expression is very similar to that of single genes. Indeed, 
Blakeslee, Avery and Bergner (1935 and 1936), Muller (1935), Muller 
and Prokofieva (1935), Bridges (1936), Goldschmidt (1937) et al have 
shown the close similarity in effects. It is obvious therefore that a 
block of many genes on a part of a chromosome may act on the 
phenotype like one gene. The effect may resemble that of a known 
gene although that gene is not carried by the chromosome of the 
trisome. Thus P, a gene for flower colour in Datura , is carried by 
chromosome 17*18, yet trisomics for 3*4 (Glossy) and 11*12 
(Cocklebur) darken and lighten the flower colour respectively. 
Lesley (for Ly coper swum) and Frost (for Matthiola) provide further 
examples of trisomics with contrasting effects. 

The haplo IVth and triplo IVth Drosophila melanogaster containing 
2 x —i and 2#+i chromosomes respectively illustrate the specificity 
of the chromosomes. Characters such as broad wings, rough eyes, 
pale body colour and small size of the 2#—1 flies are in contrast with 
the narrow wings, smooth eyes and dark body colour of the 2#+i 
flies. Normal flies with 2X chromosomes are intermediate for these 
characters between these forms. In the progeny of Small, a 
trisomic (2x + 1 fragment) of Matthiola , Lesley and Frost (1928), 
found two plants with the Small characters intensified. One was 
(2x + 2 fragments) a tetrasomic diploid, and the other was (x + 1 
fragment) a disomic haploid (see Figs. 34, 35). The equal balance of 
2# + 2 and # + 1 is reflected in the similarity of the characteristics. 
The Globe mutants, involving chromosome 21*22 of Datura, exhibit 
a range in degree of expression from 4# + 1, 4# + 2, 2# + 2, 4# + 3 
to 2x + 1. As expected the 4^ + 1 form is least extreme and the 
2 x + 1 form most extreme in expression. The number of times the 
same genes are duplicated in an individual does not have as great 
an effect as the proportionate number of times the gene is repeated in 
comparison with the rest of the genetical content. Lesley (1937) 
finds that the trisomic Ddd tomato is tall, whereas the triploid and 
tetraploid simplex forms are incompletely dominant. Drosophila 
provides moreover examples of this effect, e.g. } Sturtevant. and 
Schultz (1931). Haploid, diploid, triploid, tetraploid and other 
euploid plants of one species are similar in type, except in a few 
physiological characters; the size of plant, which apparently does 



EUPLOWS AND ANEUPLOIDS 


242 

not result from differences in growth rate, the vitamin C content 
(Crane and Zilva (1932), Sansome and Zilva (1933, 1936) ), and the 
size of individual cells and proportion of tissues may be influenced 
(generally increased) by doubling of the chromosomes. 

The loss of a chromosome from the diploid complement has 
always a more drastic effect than the addition, while a plant of the 
constitution 2x + 1 + 1 is usually more vigorous than one of the 
2% + 2 constitution. In Datura , #+1,2# — 1, 3# — 1 and 4# — 1 
forms have been obtained (Blakeslee and Belling, 1924), while 
nullosomic (4% — 2) and monosomic (4% — 1) forms are known in 
Nicotiana (see p. 315). In polyploids the addition or loss of a 
chromosome does not cause so great an effect as in diploids, e.g., 
wheat and oats (6x + x) (6x — 1). (See p. 212.) 

Two important aspects of balance have been developed in the last 
five years. The first relating to the presence or absence of small 
parts of chromosomes has been utilised in the mapping of chromo¬ 
somes and will be dealt with later (p. 253). The second relating to 
the duplication of large parts of chromosomes has been used to 
produce new and distinct breeding types in Datura. 

The primary, secondary and tertiary trisomics of Datura each 
have a characteristic effect upon the phenotype of the plant. Thus 
(see Table 43) a plant 2x + 1*2 has the Rolled characteristics, a 
plant 2x + 1*1 has Polycarpic characteristics, 2x + 2*2 has Sugarloaf 
characteristics. 

The secondary trisomics are extreme in the expressions of the 
genes carried by 0*1 and 0-2 respectively, while the primary 
trisomic is usually intermediate between them. A tertiary 
trisomic, say 2% + 2*17, will combine the characteristics of 2% + 2*2 
and 2x + 17*17 and be less extreme than either in expression. The 
trisomic “ Nubbin ” (Blakeslee, 192 ja,b) arose through X-raying 
the parent plant. It is of the constitution 2% — 1-2 + 9*1 + 2*5, 
i.e., the two 1*2 chromosomes of the diploid are replaced by 
three chromosomes which contain the normal balance of 1*2 but in 
different chromosomes. The duplication of the segments 9 and 5, 
however, gives rise to the Nubbin characteristics. Incidentally, 
Nubbin by its constitution should and does give rise to the tertiaries 
2% + 1*9 and 2# + 2*5 and the primaries 2% + 5*6, 2x + 1*2, 
2% + 9 * 10 - Another “ compensating ” type is 2% — 1-2 + 1*1 + 




Fig* 36. Normal diploid, triploid and tetraploid capsules of 
Datura Stramonium are shown above. Below are capsules of 
forms having one or more extra chromosomes of the Globe 
set. (Blakeslee, 1930.) 


[To face p. 242. 
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6 RCCO& true 



■ 26 ChROMOsowes 
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TRUE-BREEDINO EXTRA CHROMOSOMAL TYPES 


Fig. 37. True-breeding extra chromosomal types in 
Datura Stramonium . (Blakeslee, 1930.) 


[To face p. 243. 
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2*17 where the extra material is 1-17. These compensating types 
arise most frequently from a plant having two tertiary chromosomes 
resulting from segmental interchange (see p. 252). It will be 
realised that these trisomics will not breed true. By genetic al 
methods, Blakeslee and his co-workers have produced plants 
(1) of the constitution 2% — 2 (11*12) + 2 (2*n)*i2, i.e., with 
24 chromosomes and containing 0*2 on 11*12, (2) of the con¬ 
stitution 2^ — 2 (1-2) + 2 (1) + 2 (2*2), i.e., 26 chromosomes; 
and (3) of the constitution 2# — 2 (13*14) — 2 (23*24) + 2 
(2*14) + 2 (24) + 2 (13*23), i.e., 26 chromosomes. All types 
show a similarity to each other and to the 2 % + 2*2 trisomic 
as they should on the grounds that all three plants are tetrasomic 
for 0*2 (see Fig 37). Other pure breeding types have also 
been synthesised with extra material at. the ends of the chromo¬ 
somes. Types with insertion of material have also been produced, 
mainly as a result of two segmental interchanges between two non- 
homologous chromosomes at different places followed by crossing 
over of the products. The phenomenon has been observed cyto- 
logically in Zea (McClintock) and Datura. If, for example, ABCD 
has two segmental interchanges with XYZ, one producing ABYZ and 
XCD, and the other ABZ and XYCD, then the hybrid between both 
can give gametes containing ABYZ, XYCD, where Y, an intercalary 
segment, is duplicated. These and other phenomena from the 
important experiments with Datura and Zea will be dealt with later. 
Reference should be made to the literature key for further 
information. 

The effect of unbalance on the viability of gametes has already 
been mentioned in connection with trisomic inheritance. Important 
work on pollen germination of the various balanced and unbalanced 
forms of Datura has been carried out by Buchholz and Blakeslee 
(1922, 1927 a,b,c, 1924, 19300,6), Blakeslee and Cartledge (1926, 
1927), Davenport (1924,1925), Buchholz, Blakeslee and Avery (1935), 
Buchholz, Williams and Blakeslee (1935). In the gamete, as in the 
zygote, the degree of unbalance varies with different chromosomes. 
The extra chromosome in the pollen of the cocklebur trisomic 
2% + 11.12 causes the growth of the pollen tube to be slower than 
that of a normal pollen tube (see p. 37). The trisomic 2% + 1*2 
produces pollen tubes with % + 1*2 chromosomes which burst just 
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below the stigma. The related secondary trisomic 2 * + 2 . 2 
produces four types of gamete in the following proportions- 
2(X + 2-2) : i(x + 1-2): X(x - 1-2 + 2-2). The * class of pollen 
tubes grows normally, the * + 2-2 class grows at two-thirds the 



Fl Rolle'd /RH Sr $ mS °/ P f 0l /l 6a , dist ribution in tests of the pollen of 
Ty R1 )' Sugarloaf (Sg) and Polycarpic (Py). The ends of 
he pollen tubes were counted and plotted ; the spaces on the 
datum hue are a m.m. intervals. "(Buchhola' 

normal rate the x + x-2 class grows slowly then bursts, while the 

the Jit, P ° l engrainS are abortive ' I* win be noticed that 

* + itisno 1S f P° tentially Actional whereas the primary 

nrtdnii i ^ Sec0ndary of 2 * + I*. namely 2x + x-x 

x + X 2 x td 'the T f rainS Which d0 n0t & erminate together with 
+ 12,* and the abortive * - x-2 + x-x which behave as before 
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The two parts, 0*1 and 0*2 of the 1*2 chromosome, therefore affect 
pollen tube behaviour in different ways (see Fig. 38). Buchholz, 
Blalceslee and Avery (1935) have shown that in a compensating type 
2% 2 + ( 2 -II-I 2 ) 2 —(11-12) the x + 2 gametes grow faster than the 
x + 2*2 gametes from the secondary trisomic 2 % + 2*2. The 
authors state that the reduction rate of pollen tube growth in 
comparison with that of x gametes is at least roughly proportional 
to the amount as well as dependent on the kind of extra material 
present. The accompanying diagrams constructed by Blakeslee 
and Buchholz (1930) illustrate the differences in behaviour of pollen 
grains and pollen tubes of different constitutions. 

Chromosome deficiency seems to have the greatest effect on the 
gamete. Pollen-carrying deficiencies is generally, but not always, 
abortive or inviable. Stadler (1931) shows that a deficiency in 
Zea is viable, while Muller (1935) indicates their importance and 
prevalence in Drosophila. The presence of duplications of 
chromosome parts as common and normal constituents of the 
genotype must always be realised in this connection. 

HAPLOIDS 

Table 45 summarises the occurrence of haploid plants among 
Angiosperms. Although the leaves and flowers differ slightly from 
the female parent in most cases the haploids appear as reduced 
replicas of the mother plant. (See Fig. 39). For this reason it is 
believed that with the exception of cases in Niootiana , Crepis, and 
possibly Triticum, they have arisen by the parthenogenetic 
development of the egg-cell. 

Origin. The majority of haploids have resulted from the crossing 
of two distantly related species (see Table 45), and it is considered 
that the stimulus of the foreign pollen induces parthenogenesis. 
By pollinating Solanum nigrum with S. luteum and other species of 
Solanum , j0rgensen (1928) obtained haploids of S. nigrum . He 
observed that the pollen tubes of S. luteum entered the embryo-sac 
of S. nigrum , but that the nuclei did not fuse with the egg and 
endosperm nuclei. The male nuclei degenerated while the egg 
underwent division and formed the embryo. 

Similarly Noguchi (1928) found that when Brassica campestris 
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var. oleifera was pollinated by B. oleracea var. genmifera the male 
nuclei did not fuse with the egg or polar nuclei but that the male 
nucleus stimulated the egg to develop into an embryo. 

In two cases in Nicotiana the haploid plants had the haploid 
chromosome number of the male parent and also resembled the male 
parent. N. digluta (an = 72) X N. Tabacum (2^=48) gave a 
plant like Tabacum having 24 chromosomes, Clausen and Lammerts 
(1929). N. Tabacum macrophylla (an = 70-72) X N. Langsdorffii 
(2 n = 18) gave a plant like Langsdorffii having 9 chromosomes, 
Kostoff (-1929). It is concluded that here the embryo developed 
from the male nucleus in the egg cytoplasm (haploid merogony). 
Diploid merogony is not uncommon in Nicotiana interspecific crosses. 

Low and high temperature and X-rays also have been used to 
stimulate the production of haploids, while Kappert in Linum } 
Harland in Gossypium , and Muritzing in various Graminm have 
shown that one embryo of twin seeds is haploid in a frequency 
which is higher than normal. 211 haploid plants have been found 
in Datura (Blakeslee and Satina, 1937) who have shown that hap¬ 
loids appear as frequently in inbred lines as they do in hybrids. 

An example of the spontaneous origin of a haploid was found 
by Lindstrom (1929), who discovered a haploid tomato among the 
F 2 progeny of an intervarietal cross. 

Cytology. Chromosome pairing and chiasma formation at 
meiosis depend on the homology of the chromosomes. In true 
haploids the chromosomes are all different from one another, i,e, { 
they are non-homologous and no pairing takes place The unpaired 
chromosomes either segregate at random to the opposite poles and 
divide equationally at the second division or they may divide at 
the first division, when the second division will usually be suppressed, 
i.e. } non-reduction. In the (Enothera franciscana haploid Davis and 
Kulkami (1930) found that often only one pole to the spindle was 
formed, the chromosomes did not split, and hence the first division 
was suppressed. Fusion of two or more pollen mother cells in the 
wheat haploid was observed to give rise to pollen grains with a high 
number of chromosomes. In the somatic cells of the ovary fusion 
of two nuclei often occurred and binucleate cells were very frequent. 
This is comparable with somatic doubling in Solanum (j0rgensen, 
1928, etc.). 




Fig. 39. Diploid and haploid plants of Crepis capillar is of the same 
age. (Hollingshead, 1930c.) 


Fig. 40. Microphotographs of metaphase I. in haploid CEnothera 
blandina showing pairing of chromosomes. (Catcheside, I 93 2 -) 


[To face p. 246. 
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Solanum nigrum is a hexaploid with 72 chromosomes and in the 
“ haploid ” with 36 chromosomes j0rgensen found that from 
3 to 12 bivalents were formed. This suggests that 2 of the 3 sets of 
chromosomes of the haploid are sufficiently alike to pair and 
presumably are of similar phylogenetic origin. It also provides 
strong evidence that S. nigrum is an allohexaploid. 

CEnothera franciscana at first metaphase in meiosis forms 5 
bivalents and a ring of 4 chromosomes. Emerson (1929) finds that 
in the haploid 2 "bivalents” are frequently formed. Catchesicle 
(1932, 1933) also observed pairing of chromosomes in the haploid 
of 0 . blandina (see Fig. 40), 

Davis and Kulkarni also show 2 bivalents in their drawings, 
although they state that no pairing takes place. Pairing of chromo¬ 
somes in haploid CEnothera is not surprising in view of the structural 
hybridity of the species (see p. 271). 

The consequence of irregularities in meiosis is that unreduced 
gametes and gametes with chromosome numbers ranging from 
one to the unreduced number are frequently formed. Those with 
less than the unreduced chromosome number (i.e., with deficiencies) 
are inviable, due to unbalance (see p. 243). This accounts for the 
characteristic sterility of haploids. Only the unreduced gametes 
are viable, and the percentage of non-reduction varies in different 
haploids. In the Matthiola haploid, which incidentally is a disomic 
haploid (see p. 241), there is 70% non-reduction, whereas in Datura 
there is from 10% to 29%. Unreduced pollen grains are usually 
about the same size as pollen grains of a normal diploid plant. 

Genetical Behaviour, Where selfed progeny of haploids can be 
obtained, it follows that they consist mostly of plants with the 
diploid chromosome number. Haploids are therefore particularly 
valuable for the production of diploids which are homozygous in 
every respect. This, of course, does not apply to haploids of 
structural hybrids or to some polyploids. 

The selfed progeny of Datura haploids consist mainly of diploids, 
but 3*05% are trisomic (ax + 1) forms. The frequency of trisomic 
forms in the progeny of haploids is therefore much greater than in 
the progeny of normal diploids (0-47%), or of trisomic (ax + 1) 
parents (i-n%). Blakeslee, Morrison and Avery (1927) point out 
that these trisomic forms may result from non-reduction in the first 
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division followed by non-separation in the second division or else 
by somatic non-separation at some stage between gamete formation 
and the early development of the zygote. Many of the balanced 
chromosomal types and primary and secondary trisomics have been 
derived from haploid Datura. 

The haploid ( Enothera franciscana on selfing gave typical diploid 
franciscana and a few other forms. A few haploids were also 
produced, again parthenogenetically. Back crossed with diploid 
franciscana ordinary diploid franciscana progeny were obtained 
(Davis and Kulkarni, 1930). Similar results were obtained by 
Stomps (1930a). The aberrant forms he observed were like the 
3# semigigas and the trisomic mutants scintillans and lata. 

An interesting fact is that 0 . Hookeri, a homozygote which is 
closely related to 0 . franciscana, has given haploids almost identical 
with and in the same frequency as those from franciscana. The 
Hookeri haploid, however, was completely sterile. 

When pollinated by a'normal diploid the tomato haploid gave 
normal diploid progeny. 

Several gene mutations at a frequency of 1-35% of the progeny, 
and disomic haploid plants (ix + 5-5, and ix + 77) have been 
found in Datura (Satina and Blakeslee and Avery, 1937). Davis and 
Kulkarni have evidence of possible gene mutation in the progeny 
of haploid 0 . franciscana. It may be that these mutants and some 
of the other mutants in the progeny of haploid 0. franciscana are 
the result of pairing of chromosomes which do not normally pair in 
the diploid. The possibility of crossing-over thus provided may lead 
to a change in the genetical constitution of the chromosomes. 

Somatic cells of the root tips of haploids commonly mutate to 
the diploid condition. These diploid cells are usually larger than 
the haploid cells. Haploid Crepis capillaris and Datura plants have 
also been observed to form branches of diploid and haploid tissues 
(periclinal chimeras) (Hollingshead, 1930c). Pollen mother cells of 
haploids are about half the volume of those of the corresponding 
diploids. See Ivanov (1938) for a review of haploids. 



Table 45 

The occurrence of haploids in Angiosperms 
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New type, m = Maternal type, ft = Paternal type. 
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New type, m = Maternal type, p = Paternal type. 



CHAPTER IX 


STRUCTURAL HYBRIDITY 

Segmental Interchange — Translocations — Duplications and Deficiencies 
—Inversions—CEnothera. 

Introduction. The recently acquired knowledge that chromo¬ 
somes may undergo changes in structure at a comparatively high 
frequency has had a considerable effect on genetical thought. 
Our views on balance, position effect, mutations, sex determination, 
variegation, as well as our interpretations of autosyndesis, secondary 
pairing and chromosome relationships, have been greatly influenced 
by the new knowledge. 

Segmental Interchange. The hybrid between two phenotypically 
similar disomic races of species of Datum, Zea, Pisum, CEnothera, 
Drosophila and other species may form a ring of four or more 
chromosomes. Belling (1925a), Blakeslee and Belling (1926) had 
suggested that the ends of two non-homologous chromosomes had 
interchanged positions in one parent of the hybrid. Thus one race, 
would have the chromosomes 1-2,17-18, whereas another race would 
have the parts of these chromosomes arranged 1*18, 2-17. If 
pairing only takes place between homologous parts, the hybrid 
would form a ring : 1-2, 2-17,17-18, i8-X. This explanation is now 
generally accepted. The occurrence of an association of more than 
two chromosomes in a diploid or of more than four in a tetraploid 
implies that segmental interchange (reciprocal translocation) has 
taken place between non-homologous chromosomes. Darlington’s 
(1929) paper on the genetical and cytological results in CEnothera 
(see p. 264) and McClintock’s data 1930,1931,1933, have furnished 
us with considerable evidence for the theories of pairing of homolo¬ 
gous parts and of interchange of chromosome parts. 

McClintock has observed that pairing may take place between 
homologous parts of chromosomes and non-homologous parts, but 
that the latter does not persist from prophase to metaphase and is 
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therefore not important in segregation. The pairing in twos of 
homologous parts in a structural hybrid leads to a configuration 
such as Fig. 41a, where in favourable cases the position of the 
point of interchange indicated by the change in partners can be 
identified. 

The literature key contains references to a few of the species in 



Fig. 41. Prophase configurations in Zea Mays: (a) Mid-prophase, 
pairing of a normal chromosome with a homologue containing an 
inversion, (b) Normal and ring chromosomes in homologous 
association; note non-homologous association of parts of normal 
chromosome, (c) Pairing in reciprocal translocation T4—6. 

(d) Two ring chromosomes of unequal size in association. 

(e) Pairing of a normal satellite chromosome and a chromosome 
deficient for most of the short arm. (After McClintock, 1931, 

1932.) 

which rings of chromosomes resulting from previous reciprocal trans¬ 
locations have been found. 

It is probable that translocation occurs at prophase in a manner 
similar to crossing-over. McClintock (1931,1933), observed pairing 
of non-homologous parts of chromosomes. The chances of non- 
homologous parts pairing are obviously greater in a plant, such 
as a haploid or trisomic, with an irregular chromosome complement. 
McClintock suggests that, the folding back of a chromosome on itself 
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which is common in these irregular forms gives greater opportunity 
for interchange between non-homologous parts ; it is well known 
that structural changes are more common in the progeny of such 
plants with irrregular chromosome numbers. The secondary 
trisomics of Datura or Zea, Rhoades (1933, 1938); the fragments or 
altered chromosomes in Matthiola, Frost (1931), Lesley and Frost 
(1928), Philp and Huskins (1932), Armstrong and Huskins (1934); 
in Nicotiana , Clausen (1930, 1931a,6); in Lycopersicum esculentum, 
Lesley and Lesley (1932); and in Zea , McClintock (1933); may have 
arisen in this way. Interlocking of chromosomes as in CEnothera , 
Catcheside (1931), Darlington (1931); Campanula , Gairdner and 
Darlington (1932); Allium , Levan (1933) ; Pisum, Pellew and 
Sansome (1931) ; Lilium , Mather (1935), may also lead to inter¬ 
change, since two non-homologous bivalents are brought into close 
approximation by entwining and subsequent chiasma formation 
at prophase. The presence of small duplications or small transloca¬ 
tions which are commoner than was at one time thought, may lead 
by rare crossing-over to segmental interchange. Changes also may 
occur during mitosis as shown by the ring-chromosomes of Zea 
(McClintock, 1930, 1938) which do not remain constant in the 
amount of their material throughout one plant's life. 

Morphological study of the chromosomes sometimes provides 
evidence that segmental interchange has taken place. (McClintock 
(1930), Cooper and Brink (1931), Bergner and Blakeslee (1935), 
Blakeslee, Bergner and Avery (1936)). For example, in normal 
maize there is a pair of small chromosomes with knob-like structure 
at one end. In plants with a ring of four chromosomes resulting 
from crossing T 8-9# with a normal line, two chromosomes had 
knobs and two were without knobs, but one of the knobbed chromo¬ 
somes was much larger than the other. The knobless chromosomes 
also differed in length. 

Cooper and Brink (1931) examined a ring of four chromosomes 
in T1 - 6 a x normal, where a chromosome with trabants is involved. 
The relative sizes of the segments A B, BC, CD , DA of each chromo¬ 
some are shown in Fig. 41c, together with the method-of pairing at 
pachytene. Sometimes from natural sources but mainly from 
X-rayed material many such segmentally interchanged lines have 
been obtained. Anderson (1935) reports 64 cases in Zea, Bergner, 
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Satina and Blakeslee (1933) report 53 analysed cases in Datum 
(see also Bergner and Blakeslee (1935), Blakeslee, Bergner and Avery 
(1937)) and Sansome, E. R. (1937, 1938) reports 7 analysed cases, 
all from natural sources in Pisum. If the part interchanged is short, 
obviously a chain of four chromosomes will be formed in place of a 
ring. Burnham (1931) reports such a case in maize where the P -1 
chromosome underwent a reciprocal interchange with the Y-pl 
chromosome involving at most only 2 chromomeres of the satellite 
of the latter chromosome. As stated earlier it is probable that 
simple translocations are very rare while reciprocal translocations 
are more common. Work in these genera is proceeding on many 
other structural changes. Reference should be made to the papers 
by Hammerlund, Hdkansson, Richardson, E., Sansome, E. R., 
Nilsson, E. on Pisum ; Anderson, Brink, Burnham, Cooper, Creighton, 
McClintock, Rhoades on Zea ; and to the Literature Key on Datura. 
The terminology varies with the genus which is being studied. In 
Datura “prime type,” “B race,” “cryptic type” refer to the 
homozygous line interchanged in chromosome segments with respect 
to a standard line “ Line 1.” This line 1 has chromosomes 1*2, 3*4, 
5-6, etc., while the prime type may have chromosomes 1-3, 2*4, 5*6, 
the hybrid between them forming the ring 3*1, 1*2, 2*4, 4*3. In 
maize the earlier workers used the term “ semi-sterile ” for the 
hybrid and for the derivative interchanged line but now use the 
symbols Ti-2 a to indicate that the interchanged line has parts of 
chromosomes 1 and 2 interchanged. The sub-letters differentiate 
the different translocations between the two chromosomes. 

These terms indicate several of the characteristics of such forms. 
The interchanged line is usually indistinguishable morphologically 
from the standard line (cryptic type), and the hybrid between the 
interchanged and normal lines frequently shows semi-sterility. 
Paternally and maternally derived chromosomes alternate in the 
ring of chromosomes. If therefore alternate chromosomes pass to 
the same pole at metaphase the paternal and maternal types will be 
recovered in the gametes and the latter will be fertile. When 
adjacent chromosomes pass to the same pole (non-disjunction) 
duplication and deficiency of the chromosome segments result, e.g ., 
1*2, 2*3 leading to gametophytic abortion. Dobzhansky (1933) has 
been able to genetically analyse the non-disjunction of a ring of four 
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chromosomes resulting from a reciprocal translocation between the II 
and III chromosomes of D. melanogaster. The arms of the chromo¬ 
somes in the ring are approximately equal. He shows that in this 
ring 1-2, 2-3,3-4,4-1 the proportions are regular disjunction (1-2, 3-4) 
i-o ; non-disjunctional type (1-2, 2-3) 0-47 ; non-disjunctional type 
(r-2, 4-1) 0-43, or in percentages 52%, 2 5 %> an d 22 ' 3 %- This 
corresponds quite well with the discovered 50% pollen abortion 
found in plants. The reasons for equality in disjunction and non¬ 
disjunction have not yet been analysed. If random separation 
took place we expect 33h% of disjunction. It therefore would 
appear that the orientation on the metaphase spindle as a zig-zag or 
circle is at random to give 50% disjunction followed by a random 
orientation of the circle to give equal numbers of the two non- 
disjunctional types 1-2, 2-3 and x-2, 4-1. Rings with different 
relative positions of the centromeres require genetical analysis 
before the causes of this phenomena can be determined. In 
Pisurn and Zea 50% abortion of pollen is usually found, while 
Hakansson (1931) found 50% disjunction in 610 rings of four in 
Pisum. In Datura (Bergner, Satina and Blakeslee, 1933) the 
occurrence of non-disjunction, and hence sterility, is less. 

The value of structurally changed forms for genetical analysis is 
great since the knowledge of the location of genes on the chromo¬ 
somes, and of the behaviour of duplications and deficiencies for 
known genes and the creation of new pure breeding forms may be 
comparatively easily obtained. 

It is obvious that, if segments of non-homologous chromosomes 
are interchanged, the linkage relationships of the genes carried by 
these segments will be changed. There are three possibilities :— 

(r) If the two pairs of allelomorphic genes are situated on 
different chromosomes in both normal and interchanged lines, e.g., 
on the B and D segments of the normal line AB, CD, and the 
interchanged line, BC, DA, pseudo-linkage (Rhoades, 1933), 
chromosome linkage (Sansome and Philp, 1932), may be shown. 
The viable gametes will only be those corresponding to the original 
lines. Hence of the genes contributed by the ring of four, those of 
each parent will be recovered in one group unless crossing-over has 
occurred. With crossing-over, the extent of chromosome linkage is 
measured by the sum of the cross-over values of the distances 



RECIPROCAL TRANSLOCATIONS 


25 7 


between each gene and the point of interchange (usually 
symbolised Tr). 

(2) If the two pairs of genes are located on the different segments 
of one chromosome in the normal line which are separated in the 
interchanged line, there will be a combination of true and pseudo- 
linkage shown by the hybrids. For example, the genes are on A 
and B in the normal line AB } CD and interchanged line BC, DA. 

(3) If the two pairs of genes are on separate chromosomes in the 
normal line and on one chromosome in the interchanged line. This 
is the reciprocal of (2) and behaves in a similar manner. 

In all three possibilities it will be seen that the point of interchange 
is a critical point for the control of the linkage value. The linkage 
map of a ring of four is in the form of 
a cross with the arms proportional to 
the length of the segments and with the 
centre of the cross at the point of 
interchange (see Fig. 42). 

Genetical investigations have been 
made on ring-forming hybrids in Zea , 

Pisum, Datum and CEnothera . Hammer- 
lund (1928) was the first to report an 
experiment on such hybrids in Pisum 
sativum. A, a gene for flower colour 
and Gp for green pod are inherited 
independently in a normal line, but were found to be linked in the 
hybrid between the normal and an interchanged line. It was not 
possible to say from the results whether genetical linkage or pseudo¬ 
linkage is involved since it was unknown whether the interchanged 
line itself showed linkage between A and Gp. Pellew and San some 
found in hybrids between a Tibetan variety and a commercial 
strain that those plants heterozygous for the allelomorphs round 
(R) and wrinkled (r), had a ring of four chromosomes and 50% 
gametic abortion, while the plants homozygous for round and 
wrinkled had no ring and no sterility. Analysis of the families 
showed that a small proportion of the homozygotes had rings and 
sterility and a small proportion of the heterozygotes (Rr) had no 
rings. 

If we suppose that the factors Rr are located in the ring of 
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Fig. 42. Diagrammatic re-, 
presentation of the linkage 
map of a ring of four 
chromosomes. 
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chromosomes and that crossing-over takes place between the locus 
of R and the point of interchange, then an interchanged line with 
the factors RR and a normal line with the factors rr will be formed. 
These on hybridisation with the original lines will give semi-sterile 
homozygotes and fertile heterozygotes. 

In maize Brink (19296), McClintock (1930), McClintock and 
Hill (1930), Creighton and McClintock (1931), and Rhoades (1931), 
have identified the linkage groups which were involved in the rings 
in the lines semi-sterile 1, 2 and 4. 

The chromosomes in the ring of T8-90 X normal contained the 
linkage group C—wx. The chromosomes in the ring of Ti-2a 
contained the linkage groups P — br and b — lg, and T2-5 a had 
b — lg and pr — v2 linkage groups in the ring. The points of 
interchange in T 8 -ga and T 2 ~ 5 a were known in relation to the loci 
of the factors of these linkage groups. In the case of T8-90 the 
position of the factors C, sh and Wx were known in relation to the 
point of interchange and also to the knob-like structure which was 
mentioned earlier. 

It will be remembered that the interchanged chromosomes 
bearing the knob-like structure are different in length from the 
knobbed chromosome in the normal races; therefore they can be 
cytologically identified. There are normal races which do not have 
the knob-like structure on the homologous chromosome. Creighton 
and McClintock crossed a plant, semi-sterile and heterozygous for 
the interchange chromosome (knobbed interchange — knobless 
normal) with a normal plant (homozygous for knobless) and obtained 
the following chromosome types in the progeny :—52 knobless 
normal — knobless normal, 47 knobbed interchange — knobless 
normal, 37 knobbed normal — knobless normal, and 28 knobless 
interchange — knobless normal. 

The first two categories are similar to the types of the normal and 
semi-sterile parents respectively, while the last two types are 
different and constitute the results of crossing-over between the 
point of interchange and the knob. These figures give the cross¬ 
over percentage between the knob and the point of interchange as 
39 %-’ 

The factor C and the knob are closely linked while Burnham 
(unpub.) ex. McClintock (1931) gives the cross-over percentages 
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between the point of interchange and C, sh and Wx as 33%, 32% 
and 13% respectively. 

We have thus a useful method of identifying the position of the 
factors on the chromosomes in relation to definite visible points. 

Similarly, Rhoades (1931) has found that the cross-over per¬ 
centages between the point of interchange and several factors in 
T2-5 a were :— 

b — lg linkage group pr — v 2 linkage group 

lg t - tr = 44-2% v 2 - tr = 50-8% 

gl* - tr = 31-3% pr - tr = 19-3% 

b — tr = 22-0% btj — tr = 1-5% 

ts 2 — tr = 4-5% bnij - tr = 1-5% 

v 4 - tr = 7-3% 

Rhoades (1931,1933) gives the results from a reciprocal transloca¬ 
tion between chromosomes 2 and 5 in maize. The genes v 2 and pr 
on chromosome 5 and b on chromosome 2, and the point of inter¬ 
change showed linkage. An important factor is that pairing and 
crossing-over, although reduced slightly in the neighbourhood of 
the interchanges, are not greatly interfered with. This indicates 
that there is remarkable facility in pairing of chromosome parts. 
Indeed, the genetical evidence is more accurate than the cytological 
observations which show that the place of change of partners 
“ slides ” from the actual point of interchange and creates difficulty 
in observing the exact point of interchange. 

Reduction in crossing-over in the arm in which the translocation 
occurs has been found in Drosophila (Dobzhansky (1930,1931,1932), 
see Table 16). In maize Rhoades (1933) also finds a similar 
reduction in T2-5# heterogyzotes. 

This shows that the point of interchange lies close to ts! in the 
b — lg chromosome, while in the pr — v 2 chromosome more factors 
are required to locate the exact position of the point of interchange 
in relation to the factor loci. 

Rings of Six Chromosomes. In Pisum sativum , E. R. Sansome 
(1932, 1937), in Zea Mays , McClintock (1930), Cooper and Brink 
(1931), in Campanula persicifolia , in CEnothera, Gairdner and 
Darlington (1931, 1937) and in Datura, plants have been produced 
with rings of six chromosomes by hybridisation of two plants with 
rings of four, or of the interchange homozygotic parents. 


9-2 
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In maize, Ti-22 contains the b — lg and P - br linkage groups 
in the ring of four, while T2 -5 a 4 contains b - lg and pr - v 3 . 
The chromosome carrying b - lg is common to both. In terms of 
homologous segments the heterozygous lines may be represented 
as AB BC CD DA EF EF and AB AB CD DE EF FC where 
segments C and D carry the b - lg linkage group. Fig. 43 
illustrates the possible constitutions of the progeny :— 


HETEROZYGOUS. HETEROZYGOUS. 

Tl —2d TU-So 

VMBLE &HETES VMBLE &METES 



FA BC FE 
, \ / \ ✓ \ 
t AB CF ED 


Fig. 43. Constitutions of the possible viable gametes and zygotes 
resulting from a cross between two lines with different rings of 
four chromosomes. 

We expect therefore a ratio of two plants similar to the semi-sterile 
parents ; one plant with the normal complement of chromosomes : 
one plant with a ring of six chromosomes. This latter type was 
identified by the fact that the sterility of the plant was slightly less 
than 75% instead of 50%. Similarly Burnham (1930) finds that a 
plant with a ring of six chromosomes is formed in the progeny of the. 
cross Ti— 6axTi—20. This indicates that Ti— 6 contains 
either the P — br or b — lg linkage group in the ring of four. On 
the other hand, when T8—9 is crossed with Ti—2 a plants with two 
rings of four and a sterility of slightly over 75 % are obtained. Hence 
Ti—2 and T8—9 do not have a linkage group in common in their 
rings. 

Gairdner and Darlington have shown that four strains of 
Campanula persicifolia from different sources were normal in 
segment structure while three contained rings of four chromosomes. 
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Two of these strains, Gmi and Gm2, had a chromosome in common 
in the rings, since the hybrid between them had a ring of six. 
Another hybrid had two rings of four indicating that the chromo¬ 
somes involved in both rings were distinct. Rings of 10 in Zea and 
Campanula and of 8 in Pisum have been synthesised by suitable 
crosses using the double interchange homozygote as one parent. 
(Gairdner and Darlington (1938), Anderson (1935), Sansome, E. R. 
( 1937 ) )• 

These forms with segmental interchanges are excellent material 
for aiding genetical analysis, in that the content of genes of the 
segments interchanged may be identified. Further, tertiary 
trisomics are common derivatives of such forms and the synthesis 
of segmental interchange heterozygotes is useful in genetical work. 
The analysis of such forms has indicated the nature of the natural 
structural hybrids of the (Enothera species. 

Deficiencies, duplications, simple translocations, inversions and 
other structural changes are probably to be found in any organism 
if they are looked for. Their importance is only partly realised, 
and the workers on Drosophila and maize are at present producing 
data which are changing the fundamental basis of genetics. 
Bridges (1935, 1936, 1938), Painter (1934), Muller (1935, 1936), and 
many others are showing that parts of the chromosomes of 
D. melanogaster are “ repeats ” or small duplications of other parts, 
and that position effect (see p. 127) and structural changes may 
simulate genes in their action. For example D (and its allelomorph 
D 3 ) Dichaete, a long-known character, is shown to be associated with 
an inversion. Consequently, many linkage data utilising Dichaete 
are rendered useless, since the inversion will reduce crossing-over in 
its neighbourhood. Such characters as Bar, Notch, facet, split, and 
phenomena relating to Plum and Brown, White and other loci, 
have been shown to be correlated with structural changes. The 
identification of structural changes is not so easy in plants as in 
Drosophila. McClintock (1931, 1933, 1938), Creighton and 

McClintock (1931), Brink and Cooper (1932), Stadler (1933), in Zea , 
Sansome, E. R. (1932, 1937, 1938) and Sutton (1935), in Pisum , 
Nishiyama, Philp (1934, 1938), in Avena, Clausen (1930, 1931), in 
Nicotiana, Blakeslee and his co-workers in Datura , and others 
have observed genetical and cytological phenomena resulting from 
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structural changes, Darlington (1937, pp. I 5 l)> 273) lists many 
structural changes in different organisms. (See literature key.) 

Inversions (see Richardson, 1936). The inverted section of a 
chromosome may or may not involve the centromere. If the 
inversion is terminal (probably a rare occurrence) and crossing-over 
occurs in the inverted region of a chromosome A B the gametic 
output will be ABA, B, AB , AB (see Fig. 44), i.e., a chromosome 
duplicated for the non-inverted region, a chromosome deficient of the 
non-inverted (non-viable) and the original chromosomes. If the 
attachment is in region A , the result will be a chromosome without 

an attachment (B), a chromosome 
with two centromeres ABA, both 
probably inviable, and two original 
chromosomes. If the centromere is 
in the inverted region B there will 
result a chromosome duplicated for A, 
a chromosome deficient for A and 
the two original chromosomes. 

If the inversion is intercalary in B 
of the chromosome ABC there results 
ABA, CBC, ABC, ABC. If B 
carries the centromere, two duplicated 
chromosomes ABA and CBC are 
produced together with ABC ABC. If 
the centromere is in A we obtain 
ABA CBC, i.e., one chromosome with two centromeres and 
one with no centromere—both probably will not survive. 
Chromatin bridges at meiotic metaphase I are usually indicative of 
inversions as the result of one resultant chromatid bearing two 
centromeres. 

Duplications and Deficiencies. Duplications and deficiencies may 
arise from inversions, from reciprocal translocation and from 
abnormal crossing-over or from other duplications. Belling (1927) 
is of the view that structural changes may occur as the result of 
abnormal crossing-over involving other than homologous parts. 
The high frequency of breaks in the inert region of the Drosophila 
chromosomes and the repeated origin of one particular inversion 
suggest that homology, as in the “ repeats " of Bridges may have 
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Fig. 44. Diagram of 
inversions. 
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some directive influence. It is significant that simple translocations 
are rare (see also Catcheside, 1938). 

McClintock (1931) describes prophase configurations resulting 
from these abnormalities in Zea, and shows that the position of a 
gene may be identified by combined cytological and genetical work. 
For example, the Big chromosome in a heterozygote lost 7% of its 
length from the short arm. This plant showed the lg character in 
place of the normal Lg. By X-raying seeds of hybrids heterozygous 
for Plpl and examining plants which were pi in type, McClintock 
found that the satellited chromosome had lost a portion of the long 
arm. In another plant, also with the pi character, a reciprocal 
translocation with another chromosome had occurred, accompanied 
by a deficiency at the point of interchange. This deletion included 
the locus of PI. McClintock (1938) for example, shows that a ring- 
shaped chromosome carrying the factor Bm x may be lost, or change 
in size during mitosis. When this chromosome is lost from cells con¬ 
taining both it and a normal chromosome bearing bm, or a deficiency 
of this locus, the tissues of the plant show the recessives character¬ 
istics. Therefore variegation for normal brown midrib is due, in this 
case, to the loss or change in size of the ring-chromosome. When the 
chromosome changes in size by abnormal division, McClintock 
noticed that the cells showed corresponding changes in type. 
Sectors which have either (1) colourless cell walls and no plastids, 
(2) colourless cell walls and colourless plastids (3) brown midrib 
cells, (4) pink tissues or (5) blotched chlorophyll pattern have been 
found together with compounds between them. McClintock 
suggests that these characters are due to losses of particular regions 
of the ring chromosome neighbouring on and including the locus 
of Bm r McClintock (1931, 1933) has shown that multiple changes 
may be present together and that races of maize differ in respect of 
small inversions or deficiencies; but as McClintock remarks, the 
presence of a marker, such as a knob or centromere near the locus of 
a gene is necessary to localise that gene cytologically. Genetical 
means on the other hand lead quite frequently to precise localisation. 
The results of the experiments of McClintock (1930, 1931, 1932), 
Beadle (1932), Stadler (1931), Burnham (1930), illustrate the value 
of combined cytological and genetical work. 

Stadler observed after X-raying that C and sh were often lost, 
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unaccompanied by loss of Wx, but that the loss of Wx was always 
accompanied by loss of C and sh. The centromere is therefore 
presumed to be near wx. McClintock by studies of T8~9^ has 
shown that the order is C—sh—wx—point of interchange in the 
short limb of chromosome 9 which has a sub-median centromere. 
Creighton and McClintock (1931) show by linkage studies that C is 
nearer to the knob at the end of chromosome 9 than wx. By crossing 
normal maize and reciprocal translocation T8—9 to Teosinte 
(Euchlana mexicam), Beadle (1933) found that little or no crossing- 
over takes place in the C-wx interval. Cytological and genetical 
observation can therefore show that wx is near the centromere, that 
the point of interchange of T8—9 a is in the long limb, and that the 
order and distances in cross-over units on the short limb of the 
chromosome are ;— 

t 

knob, 20, C, 3, sh, 20, wx, 8, V x> 4, point of translocation. 

Although over forty genes are known in Pisum sativum it has 
been impossible to place these in the expected seven linkage groups 
in a satisfactory manner. The realisation of the presence of 
structurally changed lines on the one hand gives a reason for 
this fact and provides a means of more intensive analysis. The full 
analysis of structural changes in Drosophila by Bridges, Painter, 
.Sturtevant, Dobzhansky, Beadle and Muller provides essential 
knowledge (see literature key). 

OENOTHERA 

Introduction. In 1886 de Vries (see de Vries, 1901) began an 
investigation of a population of (Enothera Lamarckiana which he 
discovered near Hilversum, in Holland. Since that time he has 
continued the investigations, while many other workers have been 
attracted to the work through the complex and novel problems which 
are encountered. It was found that some (Enothera species were not 
stable but on occasion gave rise to mutants, which might or might 
not remain stable. For example, de Vries found that 0 . Lamarckiana 
during eight generations of culture, gave rise to several new types, 
some of which had a moderately high frequency of recurrence 
(Table 46). Thus 53,509 offspring in one culture were true 
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Lamarckiana , while 350 were of the form called oblonga, 229 were 
lata, 158 were ncmella, while other forms appeared in smaller 
numbers. Two important differences in behaviour from that of 
factor segregation should be noticed. First, it is found that the 
mutation rate is low (total about 1*5%) and is not amenable to 
interpretation on a basis of normal segregation ; secondly, that the 
new forms differ from Lamarckiana by a complex of characters and 
thereby may again mutate to plants with characteristics quite 
definitely different from those of Lamarckiana. 

It is not within the province of this book to review the whole 
literature of the subject, but rather to indicate the directions in 
which the investigations now in progress are proceeding. 

The earlier workers were not aware of the methods now available 
for investigating such a problem as that of (Enothera , and the 
complicated results which were obtained during the breeding work 
were inexplicable. 

It was thought by some that the behaviour of (Enothera was 
distinct from that of other more fully investigated species. The 


Table 46 

Pedigree of a Family of( E. Lamarckiana (1886-99) (Data ofde Vries ) 


Generation. 

Gigas. 

Albida. 

Oblonga. 

Rubri- 

nervis. 

Lamarckiana. 

Nanella. 

Lata. 

Scintillans. 

I 





9 




II 





15,000 

5 

5 


III 




I 

10,000 

3 

3 


IV 

I 

15 

176 

8 

14,000 

60 

73 

I 

V 


25 

135 

20 

8,000 

49 

142 

6 

VI 


II 

29 

3 

1,800 

9 

5 

1 

VII 



•9 


3,000 

11 



VIII 


5 

I 


i,7°o 

21 

1 


Total . 

I 

56 

35 ° 

32 

53 > 5°9 

158 

229 

8 


advent of cytological work on the species, however, facilitated the 
investigations, and since 1928 more and more workers have adopted 
the view that the behaviour of (Enothera is similar to, but much 
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more complex than that of the ring forming diploid species already 
enumerated. 

The genetic behaviour of species of (Enothera, which was studied 
first by de Vries and later by many other workers, appeared, until 
recently, to be anomalous in the plant and animal kingdoms. De 
Vries found that inbred (Enothera Lamarckiana produced in about 
2% of cases several forms which were distinct in type. These 
sparse segregates he named mutations (formerly a generalised term), 
and supposed that they arose through some change in the 
immediately preceding cell generations. 

Hybridisation between species was found to be comparatively 
easy and productive of peculiar and complicated results. Although 
several of the species bred true when selfed, crossing two species 
often gave rise to two or more distinct types of plants, and reciprocal 
crosses sometimes produced different results. For example, the 
cross, 0 . Lamarckiana X 0 . Hookeri , produces two forms, lata and 
velutina (de Vries, 1913). Lata is similar in reciprocal crosses but 
velutina is variegated if Lamarckiana is the female parent. Lata and 
velutina do not differ solely in one character but can be separated 
by a group of characters. The workers (see Renner (1914,1917) and 
Honing (1911)) concluded that the twin hybrids produced in such 
a cross resulted from the fact that one parent (. Lamarckiana) 
produced two types of gamete as in a heterozygote. Renner called 
the two complexes , which were found in the gametes of 
0 . Lamarckiana , gaudens and velans respectively. When a velans 
gamete unites with the gamete of Hookeri , velutina results, while the 
union of gametes bearing gaudens and Hookeri give rise to lata. It 
is found that 0 . Lamarckiana , biennis , muricata , suaveolens and 
other similar species breed true when selfed, with the exception of 
a few mutations; yet they are heterozygous for two complexes. 
The reason why they breed true when selfed is furnished by the 
discovery of various anomalies in the physiology of the gametes and 
zygotes. 

Seed Production. Seed production in selfed 0 . Lamarckiana is 
half that of Lamarckiana crossed with any other species of (Enothera , 
except biennis and some of its derivatives. Renner (1914) and 
Hiorth (1926) describe three types of fertilised ovules in selfed 
0 . Lamarckiana, One half have normal embryos and endosperm 
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and give rise again to 0 . Lamarckiana ; they result from the fusion 
of gametes bearing the velans and gaudens complexes respectively. 
(It is useful to indicate the nature of the species in terms of com¬ 
plexes, thus— velans-gaudens.) One quarter of the ovules have small 
embryos and an empty endosperm sheath and consist of the velans- 
velans complexes, while another quarter have neither embryo nor 
endosperm: gaudens-gaudens. Hence it. was realised that 0 . 
Larmarckiana bred true although heterozygous owing to the death, 
in the young stage, of the homozygote combinations. Meanwhile, 
Heribert-Nilsson (1912) found that a red-nerved race of 0 . 
Lamarckiana when selfed segregated in the ratio two red-nerved 
to one white-nerved (566Rr : 288rr) and pointed out that the RR 
zygotes were eliminated. De Vries was the first to suggest that 
homozygotic elimination was bound up with lethal factors in 
CEnothera. 

Table 47 from Renner (1917) shows the seed production of 
various species of CEnothera. From it one sees that some species, 

Table 47 

Viable Seed Production of CEnothera Species 
(After Renner, 1917) 

100% represents a full viable seed production. 



Renner’s 

observations. 

de Vries* 
observations. 

Lamarckiana , Her. Nilsson—red-nerved 

23-33% 


,, ,, ,, —-white-nerved . 

30-49% 

— 

,, ,, ,, X biennis . 

46-55% 

— 

,, ,, ,, x muricata 

91-98% 

— 

muricata ....... 

63-87% 

91-97% 

,, X biennis ..... 

— 

95% 

,, x Lamarckiana .... 

48-80% 

96% 

suaveolens ....... 

15-46% 

12-39% 

,, x biennis ..... 

73-88% 

93% 

,, x Lamarckiana .... 

91-93% 

89-90% 


which are known to produce twin hybrids on out-crossing, have 
a full seed production even when selfed. 0 . muricata is such a 
form. Elimination of gametes, instead of elimination of zygotes, 
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takes place in this case, but both zygotic and gametic elimination 
may be found in one species. Whereas 0 . Hookeri has 100% good 
pollen and ovules, other species have a greater or less mortality of 
pollen or ovules (Davis (1910), Gates (1915), Geerts (1909), Renner 
(1914, 1917)). 

Differential Lethality of Gametes, By various species crosses 
0 . muricata was proved to produce two types of pollen (called 
rigens and curvans). Renner (1919 b) identified the active curvans 
pollen as those grains carrying the smaller blunt-ended starch grains, 
as contrasted with the rigens-caxrying pollen grains which have 
much longer spindle-shaped starch grains, and are non-functional 
or, as they are called, inactive. 50% pollen abortion can be observed 
in the pollen of muricata (see Fig. 46). Similarly, crossing experi¬ 
ments, using muricata as the female parent, show that only one 
type of ovule is functional, and that this type is different in genetic 
properties from the functional type of pollen. The active complex 
in the ovule is rigens , while the curvans complex inhibits embryo-sac 
formation. It should be noted for later remarks that in one and the 
same muricata plant, selection has been able to affect, independently 
and distinctly, the lethals governing egg and pollen. Renner (1921) 
found that in 0 . muricata any one of the four megaspores could give 
rise to the embryo-sac while in 0 . Hookeri and 0 . Lamarckiana it 
was mainly the one at the micropylar end of the row of four 
megaspores which functioned. This so-called Renner effect , which 
has also been reported in 0 . nutans and 0 . pycnocarpa (Atkinson, 
(1916, 1917) and Ishikawa (1918)) would account for the fact that 
only rigens megaspores function on the female side of 0 . muricata . 
Four megaspores result from the two divisions of meiosis, therefore 
rigens will separate to the two megaspores at the chalazal end, and 
curvans to those at the micropylar end or vice versft. 

Observation shows that in 0. muricata the embryo-sac may be 
formed in the normal position (the micropylar end) or at the chalazal 
end. It is found that in both cases the embryo-sac contains the 
rigens complex. The interpretation of this is that, when the curvans 
complex is carried by the micropylar megaspore the rigens megaspore 
at the chalazal end competes with it. Since curvans contains 
lethals only functional in embryo-sac formation, the megaspore 
at the chalazal end containing the rigens complex forms the embryo 
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sac. This is confirmed by the figures in which it can be seen that 
(1) when only the megaspore at the micropylar end forms an 
embryo-sac no other megaspore develops further, (2) when mega¬ 
spores at the chalazal end form embryo-sacs the megaspore at the 
micropylar end is swollen but not functional. 0 . muricata therefore 
has differential gametic elimination and when selfed produces a 
full seed production of rigens-curvans zygotes (Fig. 45). 

An interesting example of gametic elimination is seen in the cross 
suaveolens x muricata, where one of the hybrid types results from 



Fig, 45. Embryo-sac .development in (Enothera muricata . Competi¬ 
tion between the megaspores at the chalazal end and those at the 
micropylar end in the formation of the embryo-sac. In other 
ovules only the megaspore at the micropylar end (the uppermost 
cell) develops as in 0 . Hookeri (normal). (Renner, 1921.) 


the union of the curvans complex from muricata, with flavens from 
suaveolens. In this hybrid two pairs of factors, B for large leaf vs. 
b for small leaf, and M for margined leaf vs. m for not margined leaf 
are arranged Bm flavens, bM curvans. The hybrid ( flavicurva ) 
produces pollen carrying all the possible combinations of factors 
and complexes, with the exception of Bm flavens but embryo-sacs 
of this constitution may be formed. This shows that the complex 
Bm flavens is viable in the pollen of the parent suaveolens, but that 
it is inviable in the pollen of the hybrid. 

In the rigens-velans hybrid resulting from the cross muricata x 
Lamarckiana the factors Str vs. str segregate. It is found that there 



270 


STRUCTURAL HYBRID 1 TY 


is only 25% active pollen and that only the combination Str and 
velans, i.e., the paternal complex, is active. 

Certation. In passing, it should be mentioned that de Vries 
(1913), Renner (1914, 1917, 1921a), Davis (1926), Heribert-Nilsson 
(1925) and Hiorth (1926), show that there are several places in the 
life cycle where certation between the gametes or zygotes bearing 
different complexes can be observed. For example, dc Vries found 
that lata, and velutina sometimes appeared from the cross, Hookeri X 
Lamarckiana not in the ratio 1 : 1, but ranged from the extremes 
7% lata to 68% lata. Renner (1919a, b) and Hiorth (1926) found 
that if a small amount of pollen is used, lata appears in 22%— 
42%, but with normal pollination there is 9%—17% lata. Both 
pollen germination and pollen tube growth of gawfews-carrying 
pollen (giving lata with Hookeri h ) is less than that of velans pollen 
(giving velutina with Hookeri h ). Heribert-Nilsson had found that 
pollen of Lamarckiana which carried the factor R for red nerves 
grew faster than pollen carrying r for white nerves. Hiorth 
further analysed this and other cases. 



lata. 

velutina. 

Hookeri x Lamarckiana, white-nerved (rr)— 



sparse pollination ..... 

40 

56 

normal ....... 

30 

148 

Hookeri x Lamarckiana, red-nerved (Rr)— 

sparse pollination ..... 

34 

III 

normal ....... 

3 i 

248 


It will be noticed that in the second group of crosses the proportion 
of velutina is greatly increased. 



R velutina 
(red 

nerves). 

r velutina 
(white) 
nerves). 

Lata. 

Hookeri x Lamarckiana red-nerved (Rr) totals— 
sparse pollination ..... 

127 

125 

go 

normal pollination ..... 

336 

228 

744 


The above results indicate that velans pollen bearing the factor r 
grows faster than gaudens but more slowly than velans bearing the 
factor R. There is a difference in the rates of growth of gaudens 







Fig. 46. Pollen grains of (Enotheva muricata, a, active curvans, 
b, inactive rigens. (Renner, 1919.) 
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pollen bearing the R and r factors respectively, but this is not so 
noticeable as in the case of velans. With sparse pollination the 
Iceta plants segregated 36 Rr to 54 rr. By separating the zygotes 
from the top and bottom halves of the ovary Hiorth found that in 
sparse pollination r gaudens fertilised almost all the eggs in the upper 
half of the fruit. These pollen tubes reach the ovule more quickly 
than pollen tubes bearing the other three genetic contents. Contrary 
to the above relationships between R and r velans, it is found that 
R decreases the growth rate of gaudens as compared with r. 

In the hybrid velans-curvans resulting from the cross 0 . 
Lamarckiana x muricata the pollen-grains bearing curvans can be 
distinguished from those bearing velans by their types of starch 
grains (see Fig. 45). It has been observed that the curvans type does 
not grow as fast as the velans. Using pollen from the hybrid on the 
short-styled flower of 0 . muricata a number of curvans pollen tubes 
reach the ovule, but using the same pollen on the longer-styled 
flower of 0 . Lamarckiana only the velans-h earing pollen tubes reach 
the ovules. 

Davis has shown that the pollen tubes from 0 . brevistylis, which is 
a derivative of 0 . Lamarckiana, grow more slowly than those bearing 
the normal velans or gaudens complexes. Species of CEnothera , 
therefore, exhibit to an extreme degree, gametic and zygotic 
elimination and certation. It is only in the last ten years that a 
plausible theory for the origin of these phenomena has been made. 

THE FACTOR COMPLEX THEORY 

Renner (19x7, 1919a, b, 1921a) put forward the factor complex 
theory which has been accepted by almost all workers in the field of 
CEnothera . It is indeed more than a theory, since it is a statement, of 
fact. The heterozygous species of CEnothera produce two types of 
gametes that are apparently distinct and which differ in a number 
of closely coupled factors. The stability of the complex throughout 
many generations is at present exceptional among plants or animals. 
It should be pointed out that the “ factors " which constitute the 
distinctive effect of the complex upon the phenotype are probably 
mendelian factors, but generally there is no means of isolating them, 
since their allelomorphs cannot be identified. 
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Certain examples are instructive in showing that the constancy of 
these complexes depends on a mechanism which has become highly 
specialised in (Enothera by the action of natural selection. For 
the recognition of the complex, Renner gave names to the gametic 
complements of the (Enothera species. Below are given a few of 
these complexes in well-known species of (Enothera, together with 
an indication as to whether they arc functional on the female or 
male side or on both. 


O. Lamar ckiana 
O. biennis 
O. suaveolens 
0. muricata 
O. cruciata 
O. strigosa 


functioning in egg. 

v clans-gaudens 
albicans- (rubens) 
flavcns-alhicans 
rigens-(curvans) 
pingens - (flcctens) 
deprimens- ( stringens) 


functioning in pollen. 

veluns-gaudens 
(albicans) -rubens 
(albicans) -flavcns 
c um an s-(r ignis) 
(pingens)-flcctens 
sir ingen s - (deprim ens) 


The complexes in brackets are in viable. 


It will be noticed in the above list that 0. biennis and 0. suaveolens 
have the complex albicans in common, and it has been found that 
the complexes rubens and gaudens are very similar in character. The 
occurrence of the same complex in two or more species has been 



Tig. 47.-— Scheme of the reciprocal crosses between CEnothera 
muricata and 0. Lamarckiana and of the back cross of O. rigidi - 
laeta and of O. rigidivelutina to 0 . muricata (Renner, 1929.) 

reported in numerous cases. It has also been found that almost all 
species of tEnothera can be hybridised, giving fertile F x s if the genom 
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is not antagonistic to the plasma. A diagrammatic explanation oi 
the reciprocal crosses between muricata and Lamarckiana is given 
in Fig. 47. 

The above complexes have been recognised by the behaviour of 
the species in several species hybrids. The following diagram 
illustrates the behaviour, due to gametic elimination, of the 
reciprocal crosses between muricata and biennis. 



biennis muricata 

biennis 



female male 

female 

male 


gametes 

albicans curvans rigens 

rubens 



\ / 

\ 

/ 


Fi zygotes 

albicurva 

rubirigida 



albicurva 

rubirigida 

albicurva 


female 

male 

female 

male 

gametes 

albicans 

rubens 

rigens 

curvans 


\ 

/ 

\ 

/ 

zygotes 

bienms 

muricata 


The F x s of the reciprocal crosses differ in a considerable number 
of characters and may be regarded as two new distinct types. On 
selfing they do not segregate for biennis or muricata characters, but 
breed true for a considerable number of their characters. When 
however, the two F x s are again intercrossed reciprocally, the original 
species biennis and muricata are recovered. 

The products of a particular cross can be postulated on the basis 
of experience gained from the use of the parental species in other 
crosses. Thus it is known that Lamarckiana produces two types of 
gametes, velans and gaudens on both male and female sides and that 
sitaveolens produces functional albicans and flavens in the egg while 
only flavens is functional in the pollen. In the cross, suaveolens x 
Lamarckiana four types are therefore expected in the progeny : 

velans — albicans, velans — flavens, 

(1) albivelutina (2) flavivelutina 

gaudens — albicans, gaudens — flavens, 

(3) albilceta (4) flavilceta 

The cross biennis X Lamarckiana gives albivelutina and albilceta 
as in the previous cross. The reciprocal cross Lamarckiana x 
biennis only gives rubivelutina (also known as fallax) . The expected 
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type resulting from the fusion of gaudens and ruhcns is inviable, 
Renner (1917 )sliowed that the zygote in the presence of the r factor 
only reached the stage where there were one or two cells in the 
embryo and a diseased endosperm, a behaviour comparable in fact to 
the homozygote (gaudens-gaudens ). 

Roth types [gaudens-rubens and gaudens-gaudens) in the presence 
of R may develop a many-celled embryo before death. Other work 
indicates that rubens and gaudens complexes are similar. 

It has been pointed out that the heterozygous species of (Enothera 
behave as if they consisted of two gametic complexes. These 
complexes cannot exist as such in the homozygous state without 
some change in the genetic properties of the complex. It was 
realised by the earlier workers that the differences between the 
complexes of one species must be controlled by many factors. There 
was little reason to believe that the factors in one complex were 
necessarily allelomorphic to those in the opposing complex. Some 
workers suggested that the factors of one complex were close to 
one another on one chromosome and therefore rarely, if ever, 
crossed over. We shall see later that chromosomal linkage 
(catenation) and not genetic linkage is the real explanation of the 
general non-segregation of the component factors which differentiate 
one complex from another. 

Lethal Factors. To account for the non-survival of homozygotes 
and for the inviability of gametes Davis (1915), de Vries (1917), 
Muller (1917, 19300,6), Morgan (1919), Shull (1923), el al. suggested 
that lethal factors were present. 

Heribert-Nilsson (1912) found that on selling 0 , Lamarckiana 
segregation of the allelomorphic factors R for red nerves vs, r for 
white nerves was 2 ; 1 in place of 3 :1. Renner (1914) also found 
that only 50% of the embryos in 0 . Lamarckiana were sound and 
suggested that the formula for the heterozygous red-nerved plants 
was RrLl, while that for the recessive white-nerved plants was 
rrLl : all embryos containing RR or LL or 11 die. With this 
hypothesis only the plants of the constitutions RrLl and rrLl 
survive out of the 16 genotypes in a dihybrid segregation from 
selfing. The ratio of RrLl to rrLl is of course 4:2. Hence in this 
heterozygote Rr, the ratio of normal to lethal embryos is 6 : 10, 
which approximates to the 1: 2 ratio found by de Vries (1913), while 
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the white-nerved individuals will have 50% inviable embryos 
through the lethality of LL and 11. Renner (1925) points out. that 
L and 1 should not be considered to be genes, but that they 
represent the sum total of the genotypic constitution of each 
complex in one respect. (Renner supposed that besides the factors 
which segregated normally there were others which controlled the 
definite characteristics of the complex.) They are representatives 
of Renner's “ rest/' In passing, it should be mentioned that 
generally all the mendelian factors which are included in the 
first linkage group of (Enothera , behave in segregation as if closely 
linked to lethals of the complex. Catcheside (1937) has shown 
from his work on trisomics that the balance and unbalance as 
visualised by Bridges rather than definite lethal factors are in¬ 
volved in the preservation of the heterozygosity of such forms as 
0 . Lamar ckiana. 

Balanced Lethal Mechanism. Muller (1917), in a paper on an 
(Enothera- like case in Drosophila and again in 1928 and 1930#, put 
forward the theory of balanced lethals to account for the puzzling 
phenomena in (Enothera . The homozygote Beaded wing in 

Drosophila melanogaster is a dominant lethal, and hence the ratio 
obtained in crossing two heterozygotes is usually, 2 Beaded: 1 
normal-winged individuals. By artificial selection Muller isolated 
a strain which bred nearly true for Beaded wing, with the excep¬ 
tional occurrence of a normal fly. Nevertheless the constant Beaded 
wing line was heterozygous for Beaded, since it gave a 1:1 ratio on 
crossing to normal (see p. 66). Muller found that the constancy of 
the Beaded strain was due to the appearance of a lethal factor 1 on 
the third chromosome which carried the normal allelomorph to 
Beaded at a locus close to Beaded. The constitution of the strain 
Bd L 

of flies was therefore-, which, when bred from would give three 

bd 1 

classes of flies, homozygous Bd L and homozygous normal bdl, both 
of which would die, and the third class similar to the heterozygous 
parents. The rare occurrence of a cross-over between the loci Bd 
and L would give normal flies without the lethal factor. In this 
experiment Muller also found that a suppressor of crossing-over 
was present. This of course would further aid the true breeding 
potentialities of the heterozygous strain. Similar cases in 
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Drosphila, Antirrhinum and maize have since been reported by 
other workers (see p. 64). 

Under the influence of a balanced lethal mechanism any true 
factor mutation would be preserved in the heterozygous condition 
and thus free from any effect of natural selection towards its 
elimination. Therefore, once established, the balanced lethal 
mechanism would favour the accumulation of recessive factors in a 
latent condition. Any mutations which favoured the support of 
the balanced lethal mechanism, such as suppressors of crossing-over, 
also would be favoured. Hence new characteristics would be formed 
by factor mutation in one complex and not in the opposing complex. 
The appearance of a rare segregate or mutant of de Vries was thus 
thought to be due to the occasional crossing-over between the 
balanced lethals and a particular character determiner. This, and 
the foregoing hypothesis, were put forward on orthodox grounds 
without a suspicion that the behaviour of the chromosomes of 
(Enothera was dissimilar to that of other plants. Muller supposed 
that the lethals were linked to the factors controlling the special 
complex differences between one chromosome and its homologue. 

(Enothera Lamarckiana gives rise to the form nanella in about 
0-3% of cases during eight generations of selling (de Vries). This 
nanella form appears to be governed by a single factor difference 
from normal Lamarckiana . A factor n for dwarf ness is carried by 
the gaudens complex, but it is not normally present in the velans 
complex, therefore all Lamarckiana plants are heterozygous Nn 
and tall, since the homozygotes gaudens and velans are both lethal. 
If a rare cross-over takes place between the gaudens and velans 
complex in such a way that the recessive factor n is transferred to 
velans the mutant nanella would appear through the fertilisation of 
the velans gamete (called nanovelans) by a gaudens gamete con¬ 
taining n. When this mutant nanella (gaudens-nanovelans) is 
crossed to other species it may or may not segregate. The reasons 
for non-segregation are (1) the opposing complex in the new hybrid 
contains no recessive factor n and (2) the nanovelans complex enters 
into a new-balanced lethal system with the different complex. 

For example, 0 . biennis x 0 . Lamarckiana nanella gives the 
hybrid (albicans-nanovelans), which is tall and does not segregate on 
selling. But the cross Lamarckiana x biennis (rubens-nanovelans) 
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is dwarf and is homozygous for n (rubens is similar in constitution to 
gaudens). From the cross muricata x Lamarckiana nanella the F x 
( rigens-nanovelans) is tall and segregates in the F 2 . This is possibly 
due to the fact that in rigens-nanovelans crossing-over may take 
place more easily between the balanced lethals and nanella than in 
albicans-nanov elans. 

De Vries (1913,1918) and Shull (1923) showed that the alternative 
characters, yellow and sulphur flower colour, were allelomorphic in 
suaveolans and biennis (S s). When the cross S female x s male was 
made the F x was yellow (S). The reciprocal cross was sulphur (s). 

The F 2 did not segregate but, like the F v was the colour of the 
male parent. The suggestion is made that S for yellow is linked to 
an egg lethal and s for sulphur is linked to a pollen lethal. Therefore 
functional eggs only carry s and functional pollen only carry S. 
Shull obtained cross-overs between these factors and the lethals, 
and therefore obtained plants in which the colour followed the 
opposite parent, and he also obtained them free from lethals. In 
this latter case the inheritance was normal. 

Catenation. Gates (1908) first called attention to the fact that 
the chromosomes of (Enothera had a tendency to remain in groups 
of more than two chromosomes at the reduction division. Later 
Cleland (1922, 1923, 1925), Emerson (1924), Oehlkers (1926), 
H&kansson (1926) and others showed the correlation between the 
heterozygous species of GZnothera and ring formation of the 
chromosomes. As a result of much painstaking work between 1922 
and 1928 it was discovered that there was a definite arrangement of 
the chromosomes in the ring which could consist of an even number 
of from four to fourteen chromosomes, with the remainder as 
bivalents. Sometimes two or more small rings were formed instead 
of bivalents (see p. 287). It was found that different hybrids had 
different but constant (with few, but important, exceptions) 
numbers of chromosomes in the ring and that those hybrids with 
large rings had more of the mendelian factors linked to one another 
than the hybrids with smaller rings of chromosomes. 

It was thought that the maternally and paternally derived 
chromosomes alternated in the ring at the reduction division so that 
paternal chromosomes went to one pole and maternal to the other. 
The telosynaptic hypothesis, now replaced by the parasynaptic 
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hypothesis, aided this interpretation to a small extent, but it 
hindered the standpoint now adopted that besides having an 
alternate arrangement in the ring the paternally and maternally 
derived chromosomes have a definite position in relation to each 
other. 

If all the paternal chromosomes in the ring went to one pole and 
all the maternal chromosomes to the other, the complexes contained 
in each set would not be mixed and would remain as entities as long 
as the ring mechanism continued unchanged. Cleland and Oehlkers 
(1929) mention 20 species hybrids in which (1) the hybrids varied 
greatly in the number of chromosomes in the ring as compared with 
the parents, (2) two factors showed different linkage relationships 
in different hybrids, (3) where a ring consisted of a large number of 
chromosomes, segregation was at a minimum, but where few 
chromosomes were involved in the ring there was clear-cut segrega¬ 
tion. Cf. Oehlkers (1926), Rudloff (1929), Gerhard (1929) and 
Hoeppener and Renner (1928). 

Structural Hybridity. The reader will at once observe that these 
facts in (Enothera are similar in kind, but of more extreme degree, 
to those described earlier (see p. 252) in Datura, Pisum, Zea, Cam¬ 
panula and other plants of structural hybrid nature. Darlington 
(1929a, 1931&), Cleland and Blakeslee (1930), H&kansson (19296) 
and Muller (1930), Catcheside (1932, 1933, 1938) have adopted 
the structural hybridity theory for (Enothera with far-reaching 
results. 

The main points of the theory will be discussed below, but a much 
fuller contribution is made by Darlington (19316) in a masterly 
and condensed treatise. 

There are three main phenomena in (Enothera which should be 
associated together, (1) balanced lethal mechanism, (2) ring forma¬ 
tion, (3) association of many genetical factors into one linkage 
group. 

In species with ordinary pairing resulting in bivalents, the 
presence of a single balanced lethal system, such as is supposed to 
exist in (Enothera , can control one linkage group, i.e the factors 
carried by one pair of chromosomes at most. Further, it reduces 
the fertility of the plant by one half. If the heterozygosity of such 
a species is to be preserved in respect of all the chromosomes by a 
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balanced lethal mechanism the fertility would be | 7 , a negligible 
quantity. Suppose that a balanced lethal mechanism existed on 
one pair of chromosomes and segmental interchange took place 
between that pair and a non-homologous pair; the mechanism 
would then control four chromosomes in place of two without 
further reducing the fertility. Naturally, any increase in the number 
of chromosomes in the ring following hybridisation or by internal 
interchange followed by selling, would be favoured by natural 
selection. Renner (1927), Darlington (19290). 

A species forming bivalents of the constitution, AB AB, CD CD, 
EF EF, GH GH, KL KL, MN MN, OP OP, can, by six interchanges 
between non-homologous chromosomes, give rise to a type with a 
ring of fourteen chromosomes, AB BC CD DE EF FG GH HK KL 
LM MN NO OP PA. Such a type would give rise to gametes 
containing paternally or maternally derived chromosomes, namely, 
AB CD EF GH KL MN OP and BC DE FG HK LM NO PA, i.e., 
two complexes. 

It will be seen that in the ring of fourteen, one chromosome is 
homologous at opposite ends with ends of two different chromo¬ 
somes ; thus the C segment of BC is homologous with the C segment 
of CD and the B segment with the B segment of AB. 

Differential Segment. The cytological findings (Darlington, 
1931/;) show that chiasma formation takes place between homologous 
segments and hence crossing-over may occur between factors 
placed on the terminal segments of these chromosomes. Factors in 
these segments may thus pass from one complex to another. 
Pairing is usually restricted to the ends of the chromosomes and it 
is possible’that the middle portion is not homologous with any part 
of either of the adjacent chromosomes. In any case, crossing-over 
does not seem to occur normally in the middle part of the 
chromosomes. 

Various genetical and cytological data indicate that the middle 
portion is of appreciable size and Darlington suggests that the causes 
underlying the differences in properties of opposing complexes 
together with the so-called balanced lethal mechanism lie in this 
region of the chromosomes. Each chromosome therefore consists 
of two terminal segments which pair with terminal segments of two 
other chromosomes and one median differential segment which is 
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supposed to contain the factors controlling the balanced lethal 
mechanism and the differences between the complexes. 

The differential segments could be formed through segmental 
interchange in the following manner. In the original bivalent¬ 
forming line AB CD two parts of the B segment can be represented 
as X and B v X representing the inner portion of the B segment, i.e., 



Fig. 48. Diagram showing the origin of a " lethal ” system, " com¬ 
plex n system, and ring formation by crossing-over between 
translocated and non-translocated interstitial segments " x" 

The parent structural hybrid plant of constitution AB , A xB, CD, 

CxD gives a mutant with a ring of four of the constitution AB, 

DxC, CD, DxA . The only viable gametes that can be produced 
by such a system are (i.) deficient in x, and (ii.) reduplicated in x. 

They differ in segmental constitution and, meeting, will produce 
the " mutant " structural hybrid with a ring of four. The points 
of crossing-over in the x segments of two chromatids in the parent 
are marked by a gap. Terminalisation has taken place and been 
arrested by the change of homology. (Darlington, 1931b). 

the line is AXBi CD, etc. By translocation the portion X may be 
transferred to the CD chromosome (CXD), and a different line, 
AB, CXD , will be created. The hybrid between these two lines will 
be of the constitution, AXB CD CXD AB. Fig. 48 shows the 
configuration that would arise if a chiasma were formed in the X 
segments in such a hybrid. 

Segmental Interchange. Somewhat similar configurations have 
actually been observed in (Enothera by Darlington (1931) and in 
Pisum by Sansome, E.R. (1932). (See Fig. 17.) These have been 
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considered on p. 84. Chiasma formation in the X segment will 
produce the crossed-over chromatids AXD and BXC. A gamete 
containing AXD and BXC on uniting with a gamete from the ances¬ 
tral line AB CD will give a form having a ring in which the middle 
portions of the chromosomes are distinct AB y 


K BXC 


/ CD \ 


DXA. 


If reduplication or deficiency of the X segment does not cause 
gametic inviability a condition may arise in which only zygotes 
of the constitution AXD BXC AB CD are functional. In other 
words the balanced lethal mechanism may be constituted not by 
factors but by the balance of factors contained in the differential 
middle segments. Thus homozygotes (AXD BXC AXD BXD) 
and (AB CD AB CD) may be non-functional through the two-fold 
reduplication or deficiency of the X segment. 

Renner's * ‘ Rest, 9 9 That the contents of the differential segments, 
or, in genetical terms, the " Rest ” of Renner are diverse, is indicated 
by the fact that some heterozygotes such as biennis , do not give 
viable homozygotes, while others such as Lamarckiana may give 
rise, as the result of interchange, to normal homozygotes such as 
deserens, blandina , etc. Others, again, such as the heterozygote of 
the complexes (truncans-gmdcns) give rise to crippled plants, which 
are presumably homozygotes (Cleland and Oehlkers, 1929). 

The hybrid from suaveolens x biennis produces a functional 
homozygote ( flavens — flavens) known as lutescens (Renner, 1927) 
through crossing-over between flavens and a complex with which it 
is not usually in association, namely rubens . This homozygote has 
seven pairs of chromosomes. 

Renner (1921&) had suggested that where one complex, such as 
curvans in muricata , is more viable in the pollen, any greater success 
of the other complex in the embryo-sac production will be favoured 
by the greater fertility of the plant. Since the distinctive features 
of the two complexes are suggested to be in the differential segments 
which do not form chiasmata, and which from the foregoing dis¬ 
cussion presumably will differ quantitatively and qualitatively in 
their genetical material, it can be seen that the action of natural 
selection on the materials in one differential segment does not 
interfere with that of another. Hence the separation of the 
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differential segments from the pairing segments allows new factors 
to arise independently for each complex through natural selection. 
It is therefore possible to have widespread interspecific hybridisation 
in the genus (Enothera, since the ends of the chromosomes are homo¬ 
logous throughout the group while the middle segments may 
not be. 

It can be seen therefore that the view sometimes held, that a 
species hybrid is characterised by an anomalous behaviour compared 
with that of the parent species, is erroneous. In (Enothera , two 
heterozygous species may give rise through hybridisation to a 
homozygous seven bivalent “ hybrid ” which is similar in its 
genetical behaviour to the many non-ring-forming plants that have 
been studied. It will be realised that the homozygous derivatives 
of a ring-forming heterozygote might show chiasma formation in 
the middle segments as well as the end segments of the chromosomes. 
But in derivatives of hybrids such as (flavens-subcurvans) , Rudloff 
(1929) or of the half-mutant forms such as rubrinervis, which arises 
from Lamarckiana and gives rise to the homozygous mutant 
deserensy it would be expected that differentiation would be 
negligible, since the mutant homozygote would have the direct 
descendants of the chromosomes of one complex in the heterozygote. 
(In the hybrids between sitaveolens and strigosa ( flavens-strigens ) and 
between purpurata and suaveolens (flaven$-purpurala h ) which have 
seven pairs of chromosomes, one might find that the middle 
segments had differentiated from the common ancestral type.) 

It should be possible to study the amount of differentiation of the 
middle segments of the complex that has taken place during 
isolation from the time that it was contributed in its ancestral form 
to both of the heterozygotes. 

The second class of mutation arising through the rearrangement 
of the genetical material illustrates the complicated phenomena to 
be expected in a ring-forming diploid organism. 

CROSSING-OVER IN THE MIDDLE SEGMENTS 

Darlington (19316) and Sansome, E. R. (1932) have observed 
figure-of-eight configurations of chromosomes in (Enothera and 
Pisum respectively. This figure-of-eight configuration arises through 
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the formation of a chiasma in a middle segment, the X segment, of 
two otherwise non-liomologous chromosomes in a ring. This middle 
. segment has different homologies from the end segments as 
postulated earlier (see Fig. 48, p. 280). 

Let us consider a ring of six chromosomes in Pimm which arose 
from crossing two plants each of which gave a ring of four 
chromosomes when crossed to normal. There must be a chromo¬ 
some in common in the two rings. Thus the rings of four can be 
represented as AB. .CD. and HP. .DC... 

K B(/ \)XA \nr x CXli. 

Interchanges in the normal line AB CD lib' GU, etc., could have 
taken place between CD and AB on the one hand, and CD and JiF 
on the other hand to give the other two lines. The A" segment may 
have been formed as a result of these interchanges having taken place 
at different levels on the CD chromosome. If we divide the D 
segment into four portions, 1, 2, 3, 4, with 1 nearest the; C segment 
and call the CD chromosome Cl, 2, 3, 4, then one interchange 
between AB and Ci, 2, 3, 4 may result in c.g Ai, 2, 3, 4, and BC, 
while the other interchange between HP and Cx, 2, 3, 4 may be, 
e.g., ^ 3 , 4 and Ci, 2, E. Representing the segments 1, 2 by X 
and 3,4 by D, we obtain AXDI 1 C and FD CXli. On crossing these 
two plants with rings of four chromosomes, four possible types 
can be obtained in the ratio, one normal line : two lines with a ring 
of four corresponding to the original rings of four : x line with a 
ring of six. This ring of six is arranged thus :— 

AB^ ^CXli ^ / FD \ GH KL H<: ' 

\iF' / \)XA GH KL etc. 

in which the top line represents the gametic complement derived 
from one parent and the lower line that derived from the other. 

In a certain proportion of cases, depending upon the position and 
size of the X segment relative to the other segments, a chiasma is 
formed between the X segments in chromosomes AXD and CXli. 
This gives rise to the figure-of-eight configuration which is important 
in several respects. On studying the chromatids involved in the 
chiasma at the X segment it is seen that two correspond to the 
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original chromosomes AXD and CXE } while two are constituted 
by CXD and AXE (see Fig. 48). 

For our present purpose, it is necessary only to consider the 
consequences of such a figure-of-eight configuration in a ring¬ 
forming species of (Enothera such as Lamarckiana. (Enothera 
Lamarckiana gives rise to many forms, the origin of many of 
which can be explained by the above theories. The ring of twelve 
chromosomes and one bivalent of 0 . Lamarckiana can be 
represented by:— 


B .UVD. JiVt' yUVJi. yKVJU. yMVj\. 

^ BgC' 'DkE' ^FgXG^ 'HgK' 'LuM^ ^ 


v and g represent the differential segments which presumably carry 
the characteristics of the complexes velans and gaudens respectively 
together with the so-called lethals (the origin of the v segment is 
unknown) while the two X’s represent two homologous median 
segments in different chromosomes. 

Origin of Half-Mutants. By crossing-over in the X segment four 
different chromatids involving the X segment will be obtained, 
namely AXvB GXvB GXgF AXgF. Segregation of these 
chromatids (with a numerically even number of chromosomes) will 
be non-disjunctional for two of the four and disjunctional for the 
other two according to the orientation of the ring. In the diagram 
(Fig. 48) the two crossed-over-chromatids will disjoin regularly, 
while the original chromatids will show non-disjunction at one end. 
Hence with this method of disjunction the resulting gametes with the 
new types will probably be viable and those with the original types 
inviable. 

The original gametic complements of 0 . Lamarckiana were :— 


velans . AXvB CvD EvF GvH KvL MvN OP 

gaudens . BgC DgE FgXG HgK LgM NgA OP 


After crossing-over in the X segment and regular disjunction for the 
crossed-over chromatids there results :— 


sub gaudens GXvB CvD EvF AgN MgL KgH OP 
sub velans . BgC DgE FgXA NvM LvK HvG OP 
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These gametic complements on meeting unchanged gaudens or 
velans will give rise to four different heterozygotes with different 
chromosome configurations. 


I, velans . ■ AXvB . .GvH. .KvL ^ .MvN. 

sub-gmdens \ 'BvXg' 'h#/ \jj\f ^JV(r<4 


C«*Z> EvF OF] ring of 
II || [ | > eight and 

CvO EvF OP) three pairs. 


IL velans . . AXB^^ .CuD. 

sub-velans V BgC DgE 


Gw/f KvL MvN OP) ring of 

II II II 11 > six and 

GvH KvL MvN OP) four pairs. 


III. gaudens . PgC. .DgE. .FgXG v 

snb-gaudens V CuD EvF GXvB 


HgK LgM NgA OP) ring of 

II II |l 11 V six and 

HgA” IgM iVg^i OPj four pairs. 


J7. gaudens . 
sub-velans . 


BgC DgE FgXG v yNgK. .LgM. .NgA . OP 

I I I I v \ / \ / \ / \ ll 

BgC OgE \ GnP Xi>L MV \4.W OP 


ring of 
eight and 
three pairs. 


For example, 0 . Lamarckiana with a ring of twelve and one pair 
of chromosomes produces 0. rubrinervis with a ring of six and four 
pairs in about 0*1% of the progeny (Cleland, 1925). 0 . rubrinervis 
is a so-called half-mutant since it produces the fertile mutant 
deserens in J of the seed. The remaining £ of the seed is made up 
of $ 0 . rubrinervis and £ in viable embryos (de Vries (1918), Cleland 

(1925) )• 

The complexes of 0 . rubrinervis can be represented as sub-velans- 
pcenevelans . Renner (1927) concluded from genetical analysis that 
sub-velans arose through crossing-over between velans and gaudens , 
since it exhibited qualities of both, while Hoeppener and Renner 
(1928) suggested that pcenevelans and velans did not differ greatly 
when combined with other complexes (except with sub-velans). The 
second of the formulae given above (velans-sub-velans) agrees well 
with the description of 0 . rubrinervis , while subvelans-subvelans 
would give a form with seven bivalents in whieh the differential 
segments of gaudens and velans have been recombined. This form 
corresponds to deserens. The form velans-velans will constitute the 
inviable embryos while half the seed will again reproduce 0 . 
rubrinervis. 

The half-mutants, erythrina, blandina, rubrisepala probably arose 
in a similar fashion, either as the result of crossing-over between the 
same differential segments or between those of other chromosomes. 
Erythrina gives rise to the segregating factor for fragilis. This is 
expected if the factor for fragilis is carried on the X or differential 
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segments which become homozygous, and pair in a similar way to 
the terminal segments. In the formula above it will be seen that the 
segments Xv of chromosomes AXvB and ISvXG are continuations of 
pairing segments whereas in the ancestral velans-gaudcns arrange¬ 
ment they are isolated from one another. 

The above theory of the origin of half-mutants and secondary full 
mutants predicts that in (i) the frequency of occurrence of the 
half-mutant should be constant, since it is a function of crossing- 
over between definite lengths of chromosomes. 

(2) The particular mutant at every appearance should have the 
same characteristics. 

(3) The complexes of the mutant should be unchanged and consist 
of a mixture of the parental complexes. 

(4) One " half and half ” complex survives as a homozygote, 
such as subvelans-subvelans, while the other dies, subgaudens - 
subgaudens. Through crossing-over, the lethal factors of velans have 
been transferred to the gaudens complex, giving rise to viable 
subvelans and lethal subgaudens. In a trisomic form, one chromo¬ 
some is left free to pair with any other homologous part, therefore 
exceptional crossing-over may take place more frequently. It 
follows therefore that half-mutants will be produced more 
frequently and in greater variety in the trisomic forms than in a 
diploid. 

Mass Mutants. Interchanges between segments within one 
complex also would give rise to mutant forms. A probable case is 
that in which the segments B and F in a ring of eight, 



interchange to give a viable gamete with one new type of arrange¬ 
ment which with the complementary complex will give 

A<zF k /GaH\ CaD v yEaBs 

'FbG / 'HbA \ x DbE / N BbC 

_ / V_ > 

Le. } the new form will have unchanged physiological properties but 
the pairing properties will be changed (two rings of four and three 
bivalents); the new form will be indistinguishable from the old but 
naturally the range in gametic output is increased. The 
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chromosomes of one ling will disjoin independently from that of the 
other, therefore there are four possible gametic types. The sudden 
appearance of several new forms, though possible in the immediate 
progeny of this plant, is more likely to occur in later generations. 

Discussion. On the above theory of the origin of ring forming 
species of (Enothera , together with the necessary assumption of 
specificity of pairing, one is able to explain the known facts of 
behaviour and to make predictions of the configurations of 
chromosomes to be found in hybrids between two known species. 

Analysis and prediction have been made by Cleland and 
Blakeslee (1930), Cleland (1931), Catcheside (1932-1938) and 
Darlington (19316). 

The following table of configurations of several species has been 
adapted from Darlington (1937) :— 

Table 48 

Summary of Ring-forming Properties in forms of (Enothera * 


1. Species. 


Species. 

Complex Constitution. 


Configuration. 

Heterozygotes :— 

CE. grandiflora . 

. acuens. truncans 


(14) 

Cocker elli 

. cur tans. elongans 


(14) 

strigosa 

. deprimens .stringens . 


(14) 

muricata 

. cur vans. rigens . 


(14) 

suaveolens . 

. havens. albicans. 


(12) + (2) 

Lamarckiana 

. velans. gaudens . 


(12) + (2) 

biennis 

. rubens. albicans 


(8) + (6) 

Homozygotes : 

CE. franciscana . 

. ^franciscana. ^franciscana 

. 

7(2) 

Hookeri 

*Hookeri * 7, Hookeri 

. 

7 (2) 

purpurata . . 7l purpurata. ft purpurata 

2. Hybrids between Heterozygotes. 


7(2) 

Heterozygotes : 

GE. Lamarckiana X 

. (i) velans. stringens . 


(6) + (4) + 2 (2) 

strigosa. 

(ii) gaudens.stringens 


(24) 

(and reciprocally) 

(iii) deprimens. velans 


(10) + 2 (2) 

(iv) deprimens. gaudens 


(10) + 2 (2) 

OE. Lamarckiana X 

(1) velans. havens 


2 (4) + 3 (2) 

suaveolens. 

(ii) gaudens. havens . 


(12) + (2) 

(and reciprocally) 

(iii) albicans. velans . 


(14) 

(iv) albicans. gaudens . 


(8) + (6) 

CE. suaveolens + 

(i) havens. stringens 


(4) + 5 (2) 

strigosa . 

(ii) albicans. stringens 


(12) + (2) 

(iii) deprimens—havens 


(12) + (2) 


(iv) albicans. deprimens 


(not obtained) 

* From D (1931^), Catcheside (1933b Cleland (1935)• 
permission from Darlington (x937)). 

(Reproduced by kind 
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Table 48 —continued 

3. Hybrids between Homozygotes and Hetkrozygotks. 

Heterozygotes : 

(E. muricata x rigens.''Hookeri . . (6) f 4 (2) 

Hookeri. 

(E. Hookeri >' * Hookeri. cur vans . . (<>) •[ (8) 

muricata. 

4. Hybrids between Homozygotes. 

Heterozygotes: 

(E.deserens x subvelans. '‘blandina . 

blandina. 

(E.deserens X sub velans.'‘purpurata 

; purpurata. 

(E . blandina X ''blandina.'‘purpurata. 

purpurata. 

5. Derivatives of Hybrids. 

(E.lutescens i«t-flavens.*fla'vens 

(ex suaveolens X 
biennis). 

(E. suaveolens X — 

pachycarpa. F t — 

„ F» ~ 

6 . Mutants. 

(E. rubrinervis subvelans. paenevelans 

(ex Lamarckiana ). 

( E.deserens subvelans.subvelans . 

(ex rubrinervis ). 

(E, ochracea acuens. acuens . 

(ex grandiflora). 

Cleland (1931) brings out one consequence of the theory, namely, 
that those complexes which are genetically closely related yield 
either bivalents or small rings, when combined with each other, 
while those with greater differences give larger rings in the hybrids. 
Hoeppener and Renner (1928) constructed a diagram of the 
relationships which they found between various complexes on purely 
genetical grounds. Cleland (1931) superimposed on this diagram 
(see Fig. 49), the configurations known to be produced in the 
complex combinations. He found that the distances between the 
complexes on Hoeppener and Rennner’s diagram corresponded to 
the size of the ring in the zygote produced by the combination of the 
complexes. Only a slight alteration was required to make the 
cytological and genetical diagrams agree entirely, namely, that 
rigens be placed as in the diagram further from velans and that the 
position of velans and Hookeri h be reversed. It has already been 
mentioned that rubens and gaudens are very similar genetically. It 


(<•) I - 4 M 
(4) I 5 (a) 

(4) IS (2) 

7 (*) 

((>) -[• (4) 2 (2) 

(ft) l'4 (2) 

(ft) + 4 (2) 

7 (2) 

7 (2) 
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has been found that both give similar configurations when com¬ 
bined with every other complex so far studied. Hookeri h and 
velans are not identical but closely related genetically and give 
related configurations, e.g, gaudens-velans (12) and (2) ; gaudens- 
Hookeri h (10) and 2(2) ; albicans-velans (14) ; albicans-Hookeri h (14) ; 
flavcns-velans (4) and (4) and 3 (2) ; flavens-Hookeri h (4) and 5 (2), 
Cleland (1931). 

The reason for the above phenomena is not difficult to understand. 



Fig. 49. Modification of Hoeppener and Renner's diagram showing 
the genetic relationships between certain complexes of CEnothera 
together with the chromosome configurations produced by the 
various complex combinations. Solid lines connect complexes 
associated in spontaneous races. Dotted lines connect 
complexes associated in artificial hybrids. (Cleland, 1931.) 

Closely related complexes probably arose by the same or similar 
segmental interchanges. By continued isolation in different 
heterozygotes (such as rubens in biennis and gaudens in Lamarckiana) 
there is opportunity for factor mutations to occur. This does not 
disturb the pairing properties of the end segments. If the require¬ 
ments of natural selection have been met in a heterozygous species 
with a large ring, or two large rings, the products of any segmental 
interchange between non-homologous segments will not be spread 
through the population. 
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Two out of many interesting examples illustrate the possibilities 
and behaviour of (Enothera . 

When 0 . Chicagcensis (excellens-punctulans) is crossed with 
0 . biennis (rubens-albicans) the normal hybrid is rubens-excellens. 
Occasionally, however, punctulans-rubens appears in a small propor¬ 
tion of the progeny. When the latter is crossed with biennis as 
female, one of the possible types is albicans-rubens or biennis. 
Cleland (1931) reports that this resynthesised species has a ring of 
six and a ring of eight typical of the original biennis. 

Gates and Catcheside (1931) intercrossed the homozygous 
mutants 0 . deserens , 0 . purpurata and 0 . blandina. Each has seven 
pairs of chromosomes. The cross, deserens x purpurata gave a ring 
of four and five pairs, blandina x purpurata a ring of four and five 
pairs, deserens x blandina a ring of six and four pairs. 

A start has been made in mapping the chromosomes of (Enothera 
and describing the interchanges that have taken place to form the 
various complexes. Cleland and Blakeslee (1930), Cleland (1931) 
and Emerson and Sturtevant (1931) have compared the configura¬ 
tions formed in different combinations of the complexes and come to 
a definite conclusion as to the chromosomes involved. 

The following is a list compiled from these authors in which we 
have adopted lettering for the segments of the chromosomes in 
place of the numbers which these authors have used. The arbitrary 
normal line is Hookeri h with chromosomes therefore labelled AB 
CD EF GH KL MN OP. 


Hookeri 1 ' . 

flavens 

velans 

excellens . 

strigens 

gaudens 

rubens 

albicans 

franciscans 
sub-velans . 
sub-gaudens 


. AB CD EF GH KL MN OP 
. AD BC EF GH KL MN OP 
. AB CD EH GF KL MN OP 
. AB CD EF GL HK MN OP 
. AD BC EL GH KF MN OP 

•j AB CP EF GD NL MH OK 

f AB CE FH GL KN MP OB or AD GP, 

' \ etc., Emerson and Sturtevant. 

. AB CD EF GL HK MN OP 
. NM EH FG DL CP OK 
. MH FE GD NC PO KL 
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In conclusion, the adoption of the theory of segmental interchange 
for the origin of ring-forming plants and of the theory of specificity 
of pairing has revolutionised the views and lines of work on (Bnothera 
and other species. All the consequences of the two theories have 
not been mentioned in this short summary, but it is hoped that it 
will indicate the trend of thought of cytogeneticists. One conse¬ 
quence, however, should be mentioned. The number of chromo¬ 
somes allotted to each gamete depends on regular disjunction 
occurring at the heterotype division. The mechanism of disjunction 
of rings is of a particular and complicated type, and is expected to 
produce irregularities more frequently than that governing bivalent 
separation. Therefore, as expected, we find that polyploid and 
aneuploid forms are noticeably frequent in (Enothera . The gametic 
output of any heterozygous form of (Enothera with more than 14 
chromosomes will obviously be varied since the presence of re¬ 
duplicated segments will influence the manner of ring formation and 
of disjunction. It is therefore not surprising that there are many 
more primary trisomics than the seven expected types (see p. 295). 
Attempts were made by the earlier workers to apply the complexes 
of a diploid (Enothera to the polyploid derivative. For example, the 
Lamarckiana gigas 4 x and semigigas 3# mutants were supposed to 
be made up of gaudens and velans . There were two gaudens and two 
velans in Lamarckiana gigas and. a proportion of two to one in 
semigigas. It was soon found, however, that the complexes lost 
their identity at the first meiosis of the new form. This is to be 
expected on cytological grounds, since the configuration of chromo¬ 
somes will no longer be a ring of twelve and one pair as in the 
diploid, or two rings of twelve and two pairs as expected in the 
tetraploid. The physiological properties of the gametes produced by 
trisomics and aneuploids of (Enothera are different from those of 
organisms which are not structural hybrids, since the variety of the 
output is large and involves reduplication and deficiencies of 
differential as well as of pairing segments. Therefore in (Enothera , 
as distinct from most other plants, zygotes with chromosome numbers 
rangingfrom 14 almost continuously to 28, 29 and 30 are functional. 

Reference should be made to Gates (1928), who has done a 
considerable amount of work on these forms and to Lehmann 
(1922) for further information on polyploid (Enothera . 
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LINKAGE BETWEEN GENETIC FACTORS 

Renner (1925), etc., and Shull (1923, 1928ft, 1929, 1930) came to 
the conclusion that there were three or four recognisable linkage 
groups among the (Enothera species. Shull enumerates the factors 
in each group thus: linkage group x, M m margined vs. non- 
margined leaf, N n normal vs. nanella habit, S s yellow vs. sulphur 
flowers and P p punctate vs. non-punctatc stems (nomenclature of 
Emerson and Sturtevant, 1931). There has been so far no crossing- 
over between the factor for rubricalyx buds and punctuate stems, 


R inP B Sp Cu 

> • 1 • IL_J 

J II 


I I 


J I • 
l ? 

9 


rii — 1 


flavicurva 

flavipercurva 

flaviflexa 

flavivelutina 

rubiflava 

rubicurva , curvivelulvla 
rubiveluiina 
PR -flavicurva 
C11 -rnbiflava 


Fig. 50. Linkages of factors in different CEnothera hybrids. Hori¬ 
zontal lines indicate linkage and vertical lines separate factors 
which are independent. (Renner, 1928.) 


therefore the latter authors provisionally made the following 
allelomorphic series founded on Renner’s original factor P. 

Pr (the Rh factor of Shull) red hypanthium. 

Ps (PStr of Renner, Rc of Shull) rubricalyx. 

P (Pstr of Renner) striped buds, punctate stem. 

p (r of Shull) green buds. 

Linkage group 2 includes only the factor for brevistylis. 

Linkage group 3 consists of V v normal vs. old gold flower colour, 
Bu bu normal vs. bullate leaf and a factor for doubleness. All these 
factors are stongly linked to one another. Cleland and Brittingham 
( I 934) point out that the genes of linkage groups 1 and 3 which are 
supposed to be on the ring of twelve chromosomes in (Enothera 
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Lamarckiana segregate in different proportions from the hetero- 
zygote. Obviously both velans and gaudms must contain the 
recessive allelomorph before the character appears in the progeny 
Therefore crossing-over from one complex to the other must occur* 



Fig. 51. Diagram to represent potential crossing-over map in 
Canother a muricata of the constitution. 

curvans : A C B CcD EcF GcH K C L M C N OcP 
rigens ; BrC D r E F r G H r K L r M NrO PM 

c represents the differential middle segments of the seven curvans 
chromosomes, r those of the rigens chromosomes. Crossing- 
over occurs between terminal segments with the same capital 
letters, not between the c and r segments adjacent to these. The 
lengths of the interior segments are shown equal and likewise 
those of the exterior segments, but this is arbitrary, for their 
lengths must be variable following the occurrence of segmental 
interchange as a result of exceptional crossing-over within the 
circle, i.e ., between complex differentials. Note : This map 
corresponds to a constant complex, not to changes of complex 
with which most crossing-over determination in (Enothera are 
concerned. (Darlington, 19316.) 

The amount of crossing-over between the points of interchange and 
the gene can therefore be roughly indicated by the proportion of 
recessives given by a heterozygous 0 . Lamarckiana . Linkage 
group 3 consisting of 3 closely linked genes is situated on a chromo¬ 
some of the ring of 12 sufficiently far from the point of interchange 
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to show independence with the linkage group i, whose genes may 
show chromosome linkage with one another and with the complex, 
Shull worked with only a limited range of material, including 
Lamarckiana, biennis and their derivatives, and Renner points out 
that in other material the factors of linkage group i may be 
independent of one another. Renner (192S) gives as an example 
the following diagram of linkages between live factors : R for red 
nerves, Pm for margined leaf, B for broad leaf, Sp for pointed leaf, 
and Cu for pendulous tip Fig. 50. It will be seen that in mbicurva , 
and curvivelutina all five factors are linked to one another, but 
in flavicurva m and B are independent from one another and from 
the linked factors Sp and Cu. 

Renner (1928), Cleland and Oehlkers (1930), Emerson (1930, 
19310,6), Emerson and Sturtevant (1931), and Sturtevant (1931) 
realised that the linkage phenomena were due to ring formation. 
This is, in general, similar to that already discussed in Pisum , maize 
and Campanula . But, as Darlington (19316) pointed out, the 
linkage map of an (Enothera species should be represented as 
follows (Fig. 51), since the differential middle segments do not 
normally cross over. 

Emerson and Sturtevant (1931), Renner and Cleland (1933) 
identify the following segments of the chromosomes composing the 
complements of the species enumerated above with the genes:— 

R in i-2 (AB). 

P in 3-4 (CD). 

Tr in 1 or 4 (A or D). 

pusilla in 1-4 [A or D). 

s in 0*3 (C). 

N in 3 or 4 (C or D). 

V in 5 or 6 (E or F). 

sp in 5*6 (GH). 

The following experiments of Emerson (1930, 19310,6) illustrate 
well the type of phenomena to be expected in (Enothera and the 
lines along which future work requires to be done. 

CEnothera franciscana has 5 bivalents and a ring of four, Cleland 
(1922), and is genetically homozygous and free from lethals. It 
contains the dominant factor (S) for flower colour and recessive (gr) 
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for green bud cones and the dominant normal tall habit (D). After 
crossing O.franciscana with 0 . biennis a form franciscans-sulphurens 
arises with green bud cones (Gr) and sulphur flowers (s) which is 
otherwise similar to franciscana in habit. This form has 50% abor¬ 
tion of pollen and a ring of twelve and one pair (Cleland, 1923), or a 
ring of ten and two pairs (Emerson, 19310,6). 

Franciscans-sulphurens , when inbred, segregates a form, sulphur 
dwarf, in 3% of the progeny. Sulphur dwarf differs in size and 
colour of bud cones (d gr), has no gametic lethals and has seven 
pairs- of chromosomes. 

Segregation of S : s in the F x between franciscana and sulphurens- 
franciscana back-crossed to sulphurens~franciscana is 

S s 

Eggs . . . 2,133 821 

Pollen . . . 370 180 

In both cases there is a deficiency of the recessive form. On the 
other hand, the dwarf habit of sulphur dwarf segregates in a 3 :1 
ratio without deficiency. The factor for green cones Gr, gr, is linked 
to a pollen lethal, hence in the F x of franciscana with gr x sul- 
phurens-franciscana Gr there were found 537 gr : 0 Gr., and in the 
reciprocal cross 269 gr : 248 Gr indicating that franciscana-sulphurea 
was heterozygous, Gr gr. The constitution of 0 . franciscana is 
franciscans-franciscans, of 0 . franciscana-sulphurea is sulphurens- 
sd-franciscans, and of sulphur dwarf is sd-franciscans-sd-franciscans. 

The factors Spl for splashed bud cones and d for dwarf are almost 
completely linked in sulphurens-sd-franciscan$ f while in sulphurens- 
franciscans the factors Spl gr and s are closely associated (Spl-gr 
3 * 5 % gr~s 4*5%). Hence it is probable that s and d are independent. 
The first two hybrids have rings and the last hybrid has seven pairs 
of chromosomes. Emerson points out that if these factors are in 
separate chromosomes which participate in the ring in sulphurens - 
franciscans they will show linkage with one another but not in a 
form with seven pairs of chromosomes. 

Trisomics. Catcheside (1932, 1936), Emerson, S (1935) have 
shown that there are many more trisomics in CEnothera possible than 
the 7 primary trisomics expected on the chromosome number. By 
non-disjunction in the ring of twelve of 0 . Lamarckiana , 8 chromo- 
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some gametes may be produced. The gametes will contain a 
velans or a gaudens complex combined with any one of the 7 velans 
or gaudens chromosomes. If a trisomic (velatis-gaitdcns + 1) is 
formed by this type of gamete it will give rise again to 0 , 
Lamarckiana and further trisomics. Such trisomics, of which 13 
are expected, are 0 . scintillans, 0 . lata and 0 . cana. If an extra 
chromosome of the gaudens complex counteracted the lethal effect 
of velans-velans, we expect 12 more trisomics, which will breed true 
since the zygotes without the extra chromosome will be inviable. 

Double non-disjunction on the same side in the ring of twelve 
whereby non-disjunction takes place at two places in the ring will 
give rise to 48 different trisomics. Therefore 73 trisomics are 
theoretically possible of which 60 are monomorphic, i.e., breed true. 
About 10 monomorphic trisomics are known. 



CHAPTER X 


INTERSPECIFIC HYBRIDISATION 
Galeopsis—Triticum—Nicotiana—Crepsis— Viola. 

The results of the investigations in different genera by geneticists, 
cytologists and taxonomists will be summarised in this chapter. 

A cursory outline of the genetics of interspecific hybrids will be 
made in such a way that the new outlook on the species question 
may be understood. It will also be seen that much monographic 
work on genera is essential for the understanding of many biological 
problems of the future. 

Galeopsis. Miintzing (1930 a,b, 1932a, b) crossed Galeopsis 
pnbescens (2 n = 16) with G. speciosa (2 n — 16). A partially sterile 
diploid hybrid gave 200 plants in the F 2 . One of these F 2 plants 
was triploid and was somewhat similar in appearance to the G. 
Tetrahit occurring in nature. This triploid was crossed with G. 
pubescens and gave one seedling—a tetraploid (2 n — 32). The 
tetraploid was perfectly fertile and in all respects similar to the wild 
G. Tetrahit. The artificial G. Tetrahit crosses readily with natural 
G. Tetrahit and gives rise to fertile hybrids. 

The meiosis of the hybrids between the artificial and wild 
G. Tetrahit shows a preponderance of bivalents, indicating that the 
chromosomes carried in the tetraploid derived from pubescens and 
from speciosa are homologous in part at least with the chromosomes 
of G. Tetrahit. The facts that pairing takes place between the 
chromosomes of speciosa and pubescens in the diploid Fj hybrid 
and that trivalents are present in the triploid and tetraploid hybrids, 
indicate that the chromosomes of speciosa and pubescens have 
parts in common. Miintzing has gathered together a large 
amount of material on the subject of sterility in G. Tetrahit, and in 
hybrids with another tetraploid species G. bifida, which is presumed 
to be of analogous or similar origin to G. Tetrahit. He is of the 
opinion that sterility may be explained on a basis of two factors. 
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We pointed out (1932) that it seemed possible that the sterility 
was due to inter-homology between chromosomes of two or more 
of the ultimate parental species. Muntzing supposed that the 
chromosomal constitution of the artificial G. Tetrahit is pr/ps where 
p and s represent*pubeseens and speeiosa chromosomes, and r a set 
of recombination products between p and s. 

Muntzing (1938) shows that wild races have 95% of fertile pollen 
when inbred, but the hybrids have varying amounts of sterility and 
show occasional bivalent and polyvalent formation. He suggests 
that both sterility and meiotic irregularities are due to structural 
differences between the lines. 

Triticum. The considerable work that has been done on the 
Secak-Triticum-Mgilops group discloses an interrelationship between 
the sets of chromosomes of the polyploids. The wheats arc divided 
into diploid, tetraploid and hexaploid varieties (.v — 7), while 
JEgilops species are diploid or tetraploid. 


Kiukorn Group 

n 7. 

T. cegilopoides. 
T. thaoudar. 

T. monococcum . 


Wheats 

Kmnvpr Group 
» - 14* 

T. dicoccoides. 
T. dicoccum. 
T. durum. 

T. turgidum. 
T. pyramidale. 
T. polonicum. 
T. persicum, 

T, timopheevi . 


Vulgurt* Group 
n it. 

T. Spelta, 

T. vulgare. 

T. compactum . 

1\ sphtcrococcitm. 


Hybrids of diploid (2 n = 14) with tetraploid (2 n — 28) or 
hexaploid (2 n = 42) wheats are almost entirely sterile, but 
hybrids between tetraploids (the Emmer group) and hexaploids (the 
vulgare group) are comparatively fertile. F x pentaploid hybrids 
form 14 bivalents and 7 univalents at meiosis. The bivalents 
disjoin normally while the univalents split longitudinally at the 
first division and pass at random to opposite poles at the second 
division.. ^ Occasionally laggard univalents appear and are not 
included in the daughter cells. The gametes therefore contain, in 
general, 14 + 0 to 7 chromosomes. In agreement with this, Kihara 
(1919, 1921, 1924), Sax (1923) and Watkins (1924) found F a plants 
with chromosome numbers ranging from 28 to 42. 
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Kihara (1921, 1924) and Watkins (1924) found that all of the 
expected zygotic series were not obtained and that the F 3 could be 
divided into two classes—the “ diminishing group ” and the 
“ increasing group.” The diminishing group consisted of plants 
containing from 28 to 34 chromosomes which normally formed 
14 bivalents and 0 to 6 univalents. (The plants having 35 chromo¬ 
somes formed 14 bivalents and 7 univalents like the F x plants.) 
The increasing group consisted of plants containing 36 or more 
chromosomes and the sum of the number of bivalents and univalents 
equalled 21. The above plants were normal in vigour and more or 
less fertile, hence Kihara termed them fertile combinations. 

Occasionally dwarf and sterile plants occurred which contained 
more than 35 chromosomes. The manner in which the chromosomes 
paired, however, did not conform with that of the “ increasing 
group,” e.g., 20 bivalents, or 15 bivalents and 4 univalents were 
formed., Kihara called these plants sterile combinations. 

Kihara (1921, 1924) and Watkins (1924, 1925, 19270, b) found 
that on selfing plants of the diminishing group the progeny 
consisted of plants containing the same number of chromosomes as 
the parent or a lower number. In later generations 28 chromosome 
plants were obtained. Similar breeding work with plants of the 
increasing group gave plants with the same number or a greater 
number of chromosomes than the parent, and eventually plants 
with 42 chromosomes were obtained. 

The haploid complement of the tetraploid Emmer group is 
generally believed to be homologous with 14 of the 21 chromosomes 
of the vulgare group. The AB sets of the Emmer are combined 
in vulgare wheats with a group D, possibly from an JEgilops species 
such as A. cylindrica . Variations in the number of bivalents 
found in the pentaploid hybrids and partial sterility in crosses 
within the Emmer group have shown that differentiation within the 
sets of chromosomes has occurred since the formation of the 
varieties. Lilienfeld and Kihara (1934), for example, found that 
the hybrids of T. timopheevi with other tetraploid varieties contain 
quadrivalents, trivalents, bivalents and univalents. Since T . 
timopheevi crossed with the diploid wheat T. cegilopoides forms 
bivalents and univalents as expected, the authors show that 
T. timopheevi contains the A set comji^'TS^bbth 4iploids and 




300 


INTERSPECIFIC H YBRIDISA TION 


tetraploids and a G set which has probably been differentiated from 
the more usual B set by methods seen in the previous chapter. The 
occurrence of two rings of four chromosomes in A. apeUoides x 
T. monococcum is in agreement with this hypothesis. By intensive 
study Kihara and Lilienfeld have shown that there are four semi- 
homologous C sets among the /llgilops species and that these are 
related distantly to the A sets of Triticmn and to .V, T, E, F and D 
sets of Mgilops. The nomenclature of the sets would seem advan¬ 
tageous for practical reference, but it is important to notice that 
phytogenetical relationship can be traced between the A set and 
the D set of wheat and that the B set of T. durum bears some 
relationship to both A and G. Therefore specific origin should not 
be implied in the use of this terminology. 

Pentaploid wheat hybrids are difficult to analyse genetically since 
most of the characters segregate in a complex manner. Moreover, 
there is great variability in many of the characters. Often, indeed, 
they exceed the limits set by the parental forms and new characters 
and abnormal types also appear. In the progeny of these hybrids, 
association of certain characters (types) is common and there has 
been a tendency to study the inheritance of types rather than single 
characters. 

Watkins (1927a) obtained similar results to Kihara (1924) and 
concluded that there was a definite relation between type and 
chromosome number. Crosses between F x (turgidum-vulgarc) and 
vulgare gave:— 

(1) Plants with more than 35 chromosomes which were of vulgare 

type and bred true for this type. 

(2) Plants like the F x with 35 chromosomes and which gave 

vulgare and turgidum types in the progeny. 

Crosses between F x (turgidum-vulgare) and turgidum gave :— 

(1) Mostly plants of turgidum type which bred true for this type. 

(2) A few plants having 35 chromosomes. 

After studying thirteen pairs of alternative characters, Thompson 
(1925) was able to group the F 2 into three classes. He concluded 
that certain characters were associated and association was found 
to be greatest between those characters which were generally 
characteristic of the species. 

From an economic point of view it is desirable that certain 
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characters should be transferred from one group to the other, 
e.g., the rust resistant character of the forms with 28 chromosomes 
to the forms with 42 chromosomes. 

Some characters are easily transferred from one group to the 
other but other characters are seldom transferred. Watkins 
(19276) (turgidum X vulgare) found that the characters keeled 
vs. round glumes were easily transferred and had no association with 
chromosome number. The transferring of the rust resistant 
character, Sax and Gaines (1924) consider as difficult but not 
impossible. Tochinai and Kihara (1927) found that in the F 4 of 
a cross, rust resistant (28 chromosomes) x susceptible (42 chromo¬ 
somes) the plants with 28 or 29 chromosomes were resistant in a 
variable degree while all the plants with 42 chromosomes were 
susceptible. They concluded, therefore, that this character was 
associated with chromosome number. Other morphological 
characters were also considered to be associated with chromosome 
number, e.g., plants of the increasing group never had pithy straw. 
Similar results with regard to rust resistance were obtained by 
Hayes, Parker and Kurtzweil (1920), Thompson (1925), Aamodt 
(1927) and Stevenson (1930). 

Occasionally an exceptional resistant vulgare type was obtained, 
Thompson (1925) and Stevenson (1930). Thompson found three 
plants of vulgare type which were somewhat less resistant than 
the durum parent. A few other characters may behave in this 
way, e.g., solid vs. hollow straw, Thompson (1925) and Watkins 
(1927a). 

Sax (1923) [durum x vulgare) also found a correlation between 
five characters and chromosome number. He therefore concluded 
that the 7 unpaired vulgare chromosomes carried the factors for 
the distinguishing character of the vulgare wheats. Thompson (1925) 
and L. A. Sapehin (1928), however, consider that this conclusion is 
unjustified. Tochinai and Kihara also suggested that these 7 
chromosomes carried the factors which weaken the resistance to 
rust. On this basis the rare transference of a character may be 
explained by assuming that one of the 7 chromosomes occasionally 
pairs with an Emmer chromosome. 

Watkins (19276) has attempted to make an exact factorial 
analysis of turgidum. x vulgare. 
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The parents of the F x possessed the character waxy foliage and 
the F x plants were also waxy. 

The F 2 consisted of waxy and non-waxy plants, the latter being 
of the turgidum type. 

The F x $ X turgidum gave all waxy plants, half of which bred 
true for waxy, while half gave waxy and non-waxy. The F x was 
therefore heterozygous for the factors W (waxy) and w (waxless). 

The F x $ X vulgare gave only waxy plants which bred true for 
waxy. The unpaired vulgare chromosomes were therefore considered 
to have introduced an extra factor for waxy W 1 . 

Watkins explains these results by assuming that the turgidum 
parent has the formula (WW), and the vulgare parent (ww)W x W r . 
The factors in the brackets are supposed to be carried by the 
chromosomes which pair and segregate normally in the hybrid. 
The factor W is supposed to be carried by one of the vulgare 
chromosomes which are unpaired in the hybrid. He has shown 
that half of the hybrids (iturgidum x vulgare) x vulgare give a few 
waxless sterile combinations. Thus zygotes (ww)W 1 having more 
than 35 chromosomes would give a few waxless sterile combina¬ 
tions, since they would contain some of the 7 vulgare chromosomes 
which were unpaired in the F x , represented twice as bivalents. 
The plants therefore would not contain representatives of all the 
7 unpaired vulgare chromosomes and would lack at least the chromo¬ 
some carrying W 1 . A few (ww)W 1 or (Ww)W 1 plants having 35 
chromosomes, however, would occur. These would give some 
waxless fertile combinations having less than 35 chromosomes, i.e,, 
turgidum-kke. Such types were observed by Watkins and Cory 
(i93i). 

Good 1:1 ratios were obtained by Watkins and Cory in a study 
of the following characters in the progeny of the F x back-crossed 
with the parental species: rough vs. smooth chaff, red vs, white 
chaff, waxy vs, waxless foliage, beardless vs. bearded ears, and 
keeled vs. round glumes. Linkage was observed between the 
factors for keeled and bearded. This behaviour indicates that 
allosyndetic pairing is the rule. If the W 1 chromosome paired with 
the w chromosome and the W chromosome remained unpaired 
(autosyndesis) a 1:1 ratio would also be obtained. Such pairing is 
unlikely, since the parental forms are frequently recovered in the 
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Fig. 52. Ears of: a, rmmd-shrrod ivvr.d'im = 28 chromosome kk. 
Extracted type. keeled . parent variety = 28 

chromosome KK. c, round vulgare, parent variety=42 chromo¬ 
some kk. d, keeled vulgare, the type speltoid = 42 chromosome 
KK. Extracted type. (Watkins, 1927.) 
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back-cross. This evidence also suggests that 11 or 12 of the chromo¬ 
somes of the two species are closely similar. It should be noted 

lurgtdum oulgctre 
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28 chromosome segregates 



42 chromosome segregates 


mHti 



WMM 


(2) XX 



Fig. 53. Diagram of the association of type with chromosome 
number. The character determined by X is transferable from 
one species to another. The type is associated with chromosome 
number, since the 42 and 28 chromosome segregates will differ 
by Z if both are xx, and by Y if both are XX (vulgare chromo- 
somes shaded). (Watkins, 1930.) 

that Watkins has more recently suggested a similar explanation 
for the chromosome relationships in interspecific Nicotiana hybrids. 

Watkins and Cory point out that all 28 and 42 chromosome 
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wheats are not. expected to have* the above formula*, <\g., T. spdta 
var. White spelt is either (WWjWW 1 or (WWjwV, 

Waxless is a new character which occurred in the b\> and was 
associated with low chromosome number in accordance with the 
above hypothesis. 

As already mentioned, Watkins found that the characters keeled 
and round glumes were not associated with chromosome number 
and were easily transferred from one species to another, lie also 
found that other characters were transferred to vulgare together 
with keeled glumes thus producing the speltoid a special type 
associated with high chromosome number. 

The turgidum parent had keeled glumes of normal thickness and a 
moderately dense ear. These characters he regards (1928) as being 
due to a group of completely linked factors represented by K. 
The vulgare parent had round glumes of normal thickness and a 
moderately dense ear—k. K is supposed to produce the keel to 
the glume and to increase the thickness of the glume and the laxity 
of the ear. k represents the group of recessive allelomorphs to those 
of the K group. 

On crossing the two species 28 KK and 42 kk, two new types also 
associated with chromosome number were obtained, (1) 42 KK, the 
speltoid type: this is a vulgare type having a lax ear and thick 
keeled glumes which are only pulled away from the grain with 
difficulty, (2) 28 kk, a turgidum type: this has a very dense ear and 
thin rounded glumes. This interpretation is supported by evidence 
from crosses between speltoid, vulgar e t turgidum and the F x 
(turgidum-vulgare) Fig. 52. 

Comparison of the two round-glumed types —■turgidum 28 kk and 
vulgare 42 kk—showed that they differed in other characters. The 
same applied to the two keeled glume types, turgidum 28 KK and 
speltoid 42 KK. Watkins therefore considers that the unpaired 
vulgare chromosomes have an effect like K and suggests that one of 
them carries a group of linked factors K 1 . The formulae given to 
the parents is therefore (KK) for turgidum and (ktylOK 1 for vulgare. 

Out of the apparent chaos in segregation of these pentaploid 
hybrids Watkins has isolated certain main features—single pairs 
of characters are often associated with chromosome number, and in 
several cases can be transferred from one species to another ; many 
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characters segregate in groups which are probably determined by 
groups of factors, since separation of these characters occasionally 
occurs ; types (combinations of characters) are associated with 
chromosome number; new types arise, and generally variation 
exceeds the limits set by the two parents. He has attempted to 
explain these facts in accordance with mendelian principles and with 
cytological behaviour. 

From his explanation of the inheritance of waxy it seems that the 
paired and unpaired chromosomes carry a similar series of factors. 
He therefore assumes that the tetraploid lurgidum has 2 similar 
series of factors represented by A Z A 2 , and the hexaploid vulgare has 
3 similar series A x a 2 A 3 . This is in agreement with Winge's hypo¬ 
thesis that in these polyploids each of the sets of 7 chromosomes are 
more or less similar. A 3 is supposed to be carried by an unpaired 
chromosome. Now, e.g in the cross a x a 2 x a x a 2 A 3 the character 
would be associated completely with chromosome number unless 
the extra chromosome carrying A 3 paired with one of the others. 
In the cross a x A 2 x a z a 2 a 3 the character would be easily transferred. 
a x A 2 x a 2 a 2 A 3 would give rise to a x a 2 with a new character and to 
a form ajA 2 A 3 where the character might be more highly developed 
than in either parent. Association between chromosome number 
and type he explains by assuming that the A symbols represent 
different groups of linked factors. As an example, he takes the case 
where the characters keeled and round glumes are not themselves 
associated with chromosome number but the combination of 
characters which goes along with them is associated with chromo¬ 
some number. He shows diagrammatically how keeled and round 
can be transferred and how the round-glumed 28 and 42 chromosome 
segregates differ in type and also how the keeled-glumed 28 and 42 
chromosome segregates differ in type (Fig. 53). 

Nicotiana. Clausen (19280) recognises twenty distinct species of 
Nicotiana, of which the somatic chromosome numbers are 18, 20, 
24, 36 ?, 48, or 72 (the hybrid digluta). The majority of the species, 
however, have 24 or 48 chromosomes. 

Hybrids between species within each of the three classes, 2 n = 18, a 
20 and 48 are fertile and their meiotic behaviour is normal. The 
following pairing behaviour is found at meiosis in hybrids between 
certain of these species (Clausen, 19280,6). 
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Close pairing paniculata-rustica (zn = 24 X = 48) 
sylvestris-Tabacum (zn = 24 X 2 n = 48) 
tomentosa-Tabacum (2n = 24 X 2« = 48) 
Rusbyi-Tabacum (zn = 24 X 2w = 48) 
tomentosa-Rusbyi (zn = 24 X 2w = 24) 

*r 

Loose pairing glauca-Tabacum (zn = 24 X 2w = 48) 
glutinosa-Tabacum (2n = 24 X 2w = 48) 

No pairing sylvestris-tomentosa (zn = 24 X 2W = 24) 
glutinosa-Bigelovii (2n = 24 X 2w = 48) 
sylvestris-Rusbyi (zn = 24 X 2w = 24) 

By intercrossing various species, Goodspeed and Clausen and 
their co-workers have come to some definite conclusions as to the 
relationships between the chromosome sets of several species. 
Fig. 54 shows the cytological behaviour of the F x hybrids between 
these species (Goodspeed and Clausen (1928), Clausen (1928a, b) and 
Brieger (1930)). It also shows the presumed relationships 
between the different chromosome sets, the manner in which the 
hybrid digluta arose and the probable origin of N. Tabacum. Below 
the diagram is the interpretation of the pairing behaviour of 
a trispecific hybrid having chromosomes contributed by all three 
species (N. Tabacum x N. Rusbyi) x N. sylvestris (Brieger, 1930). 

No pairing takes place among the twenty-four chromosomes in 
the haploid N. Tabacum. This indicates that the two sets of twelve 
chromosomes are of different phylogeny (Chipman and Goodspeed 
(1927), Clausen and Mann (1924)). Further, this confirms the view 
that the haploid complement of N. Tabacum consists of one set Tr 
of twelve chromosomes corresponding to the haploid complement of 
tomentosa or Rusbyi and one set Ts corresponding to that of sylvestris . 
Goodspeed and Clausen (1928) point out that N. sylvestris and 
N . tomentosa are morphologically different, whereas tomentosa and 
Rusbyi are similar. They assume therefore that Tabacum arose by 
doubling of the chromosomes in a hybrid between sylvestris and 
tomentosa or close allies of these species. This was followed by 
genetic differentiation in both the hybrid and the ancestral stocks, 
but the differentiation was not sufficient to destroy the homology 
between the chromosomes. 
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Other eases of a similar type are Galeopsis Tetrahit , G , bifida , 
Salix neocinerea, S. Laurina (Hcribcrt-Nilsson (1918) and IMkans- 
son (1929a)), Phleum pratensc (Gregor and Sansome (1930) and 
Gregor (1931)), Spartina Townsendii (Buskins, 1930), Msculus 
camea [A. Hippocastaneum X A. fiavia) (Skovsted, 1929), Rosa 
Wilsonit (R. pimpinellifolia X H. tomenhm) (Blackburn and 
Harrison, 1924), Dahlia variabilis (Lawrence, 1929, 1931a) and 
polyploid wheat and oats (see pp. 298-305). 

The hybrid polyploid forms which have arisen in experimental 
material, Primula Kewensis, Digitalis mertonensis , Saxifraga 
potternensis, Rubus RT 4 , Solanum nigrum X S. Inteuni, Euchlaena x 
Zea (Emerson and Beadle, 1930), Mgilops X Triticum (Tsehermak, 
1926), Brassica napocampestris (Frandsen and Winge, 1932) and 
Crepis artificialis (Collins, Hollingshead and Avery, 1929), are also 
similar; cytological and genetical differentiation might possibly 
take place in the same way as presumed in the above natural hybrid 
polyploids. 

When the chromosome constitutions of the parental species are 
known the meiotic behaviour of the chromosomes in the inter¬ 
specific hybrids can be understood. 

It will be noticed that the chromosome behaviour of the hybrids 
between digluta and Tabacum or glutinosa is similar to that of the 
hybrids between Tabacum and sylvestris , tomentosa or Rusbyi and 
between N. paniculata and N . rustica (Goodspeed, Clausen and 
Chipman, 1926) (cf. Fig. 54 and p. 312). 

The homology of the chromosome sets in these species leads to 
characteristic phenomena in relation to fertility, breeding behaviour 
and survival of the allopolyploids. 

For example, the hybrid from digluta x Tabacum (<digluta will not 
hybridise with Tabacum or glutinosa when used as a male) is highly 
fertile, whereas the hybrid from digluta x glutinosa is sterile. The 
homology of the chromosomes in the first case is such that 24II and 
12I are formed at meiosis, while in the second case 12II and 24I are 
formed (see Fig. 54). The behaviour of the univalents during 
meiosis (random assortment and occasional elimination—see p. 230) 
leads to a range in the chromosome numbers of the gametes of the 
FiS, It is also found that the univalents which succeed in entering 
a gamete are further eliminated by inviability of the gametes. 
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Therefore either by selling the F x , digluta X Tabacum , or by crossing 
it to Tabacum , the glutinosa chromosomes are eliminated in a few 
generations (Clausen, 19286). If digluta arose in nature it would 
remain constant until it hybridised with Tabacum when the hybrids 
would give rise to a preponderance of Tabacum-like forms. 

Complete pollen sterility is characteristic of the sylvestris - 
Tabacum F x hybrid. Goodspeed and Clausen (19270) found that 
most of the progeny of this cross had from 0—3 univalents in 
addition to the bivalents and only two plants had all twelve 
univalents. In the progeny of the paniculata-rustica hybrid twelve 
univalents were frequently found and the univalents were 
eliminated less frequently. In both cases the behaviour of the 
chromosomes at meiosis is similar, but the balance and viability of 
the gametes is different and gives differences in the genetic results. 

There are many varieties of N. Tabacum , and Goodspeed and 
Clausen (1917) and Brieger (19286) found that the morphology of the 
F x hybrid between Tabacum and sylvestris was affected by the 
particular variety of Tabacum used. The hybrids resemble an 
enlarged Tabacum variety with the addition of some sylvestris 
characteristics. A genetical study of the hybrids can only be made 
by back-crossing, since they are male sterile. When back-crossed 
with sylvestris two classes were found among the progeny :— 

(1) A large group of highly variable aberrant forms which were 

almost sterile when selfed. 

(2) A smaller group of forms more similar to sylvestris which were 

partially fertile. Later generations from these plants gave 
progeny which were completely fertile and identical with 
sylvestris . 

In contrast to the original F x Tabacum-sylvestris, where the 
chromosomes formed 12 Ts.S bivalents and 12 Tr. univalents at 
first metaphase, the progeny of the back-cross to sylvestris would 
form 12 SS bivalents and a variable number of 7 '$ and Tr univalents. 

When the F x sylvestris-Tabacum was back-crossed with Tabacum 
the progeny could be grouped into three classes. 

(1) A large group of aberrant forms which were sterile when 

selfed ; 

(2) A few forms like Tabacum , which were almost sterile ; 

(3) A few forms like Tabacum , which were partially fertile, and 
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among whose progeny were fertile lines identical with the 
original Tabacmn . 

Any products of recombination formed in the F* hybrid are 
apparently soon eliminated in the succeeding generations. 

If p = number of Tr univalents eliminated in the gametes of 

the F x . 

q = „ Ts „ in the F x gamete, 

and I2”<y ==: ,, S ,, ^ ft 

where p and q = 12 — o, the chromosomal constitution of the 
progeny of the back-cross 1 \ Tabacum-sylvestris x Tabacum may 
be represented thus— qTsTs bivalents + (i2-q)T$S bivalents + 
(i2-p)TrTr bivalents + pTr univalents. 

We suggest, therefore, that the first class above corresponds to 
those forms which arise from Fi gametes containing less than 
12 Tr univalents and a variable number of Ts chromosomes. 
Class (2) contains those with the majority of Tr and S chromosomes, 
while class (3) contains the majority of Tr and r T$ chromosomes. 

Goodspeed and Clausen found that sylvestris- like derivatives of 
the Tabacum-sylvestris hybrid behaved in a similar manner to that 
of pure sylvestris when further crossed with Tabacum. One 
exception, however, was found. When one sylvestris derivative 
was crossed to the Tabacum var. purpurea parent which was used 
in the original cross, half the progeny had the characteristic purpurea 
type of leaf base. They supposed that the syfoes/m-like derivative 
from the cross Tabacum var. purpurea x sylvestris contained a 
chromosome, or part of a chromosome, derived from the Tabacum 
var. purpurea parent. 

Watkins (1925) considers that the Ts and sylvestris chromosomes 
which pair in the hybrid are genetically similar, and that the 
12 Tr chromosomes contain the differential factors for the Tabacum 
species. Replacement of the Ts chromosomes by sylvestris chromo¬ 
somes therefore will not have a great effect on the phenotype of 
sylvestris- like derivatives. Naturally, where Ts and S contain 
allelomorphic factors, replacement will demonstrate this difference, 
e.g., purpurea type of leaf base. In the progeny of the F x back- 
crossed to Tabacum, the Tabacum- like plants will have received 
(from the F A parent) most of the 12 Tr chromosomes which carry 
the special Tabacum factors ; the aberrant forms will have obtained 
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Ts and S chromosomes along with one or more of the 12 Tr 
chromosomes from the F 1 parent. The differences in morphological 
characters are mainly due to the difference in the number of Tr 
chromosomes present. 

Webber (1930ft) made a cytogenetic study of a hybrid between 
Tabacum and sylvestris which had 60 chromosomes, i.e., the somatic 
complement of Tabacum , 2 7 $ + 2 Tr and the haploid complement 
of sylvestris , S. 

This form was chromosomally unbalanced and gave rise to many 
new chromosome combinations in the progeny. In appearance it 
did not differ greatly from its sister triploid F x s, but was much more 
fertile. The increase in the proportion of Ts and S chromosomes in 
comparison with Tr was not, therefore, reflected in the external 
morphology ; the effect of the Tv chromosomes gives apparent 
support to Watkins' view. Evidence, however, has been furnished 
by Webber that a few of the Ts chromosomes contain factors 
controlling Tabacum characteristics. 

Later generations from the 60 chromosome hybrid show that 
elimination of the sylvestris chromosomes may or may not be 
accompanied by phenotypical change. This indicates that the 
Ts and 5 chromosomes may be similar, but not identical, in genetic 
content. 

The production of pink flowers, presumably by exchange of 
homologous chromosomes between the two species, has been 
observed in the back-cross (sylvestris X Tabacum) x sylvestris , by 
Goodspeed and Clausen, and in derivatives of the polyploid F x 
sylvestris X Tabacum, by Webber. 

Later generations of the 60 chromosome hybrid between sylvestris 
and Tabacum showed considerable variation in morphology. These 
plants had generally 24 or 25 bivalents. These differences follow 
from multivalent association between the Ts and S chromosomes 
and replacement of Ts by S homologues. The former type of plant 
might be considered to be a variety of Tabacum, but the latter 
had distinct sylvestris characteristics. Hence, as the result of 
forming a complex polyploid which would not survive in nature, 
fofms can be created, distinct in type, which have a new basic 
number of chromosomes, and are fertile. In this particular case, 
the twenty-five bivalent forms would not long remain distinct if in 
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contact with Tabacum , since hybridisation would reduce them to 
Tabacum . In isolation, however, such a form might easily become 
differentiated sufficiently to ensure that when it again came into 
contact with N. Tabacum it would not hybridise. 

The hybrids between N. rustica and N. paniculata show a general 
similarity in behaviour to the hybrids between Tabacum and 
sylvestris and between digluta and Tabacum , but the particular 
differences between the first two and the second two examples are 
of interest. 

As a result of the cytogenetic studies of Goodspeed, Clausen and 
Chipman (1926), Lammerts (1929, 1931) and East (1921) the 
constitution of N. paniculata (2 n =» 24) may be represented as 
12 PP bivalents and that of N . rustica (2 n y 48) as 12 RpRp 
and 12 RR bivalents. 

The hybrid forms 12 PRp bivalents and 12 R univalents at first 
metaphase and produces gametes containing 12-24 and sometimes 
36 chromosomes in frequencies expected on random assortment of 
the chromosomes. Lammerts and East back-crossed the F x with 
rustica reciprocally and found that 32% of the viable egg cells 
contained the somatic number of chromosomes. On the male side 
the functional gametes of the F x contained 18-24 chromosomes, but 
gametes with 23 and 24 chromosomes were most frequent. All the 
plants with 24 bivalents were fertile but were variable in appearance 
—some resembled the rustica parent while others indicated that 
some paniculata homologues had been transmitted from the F x 
hybrid. In addition a range of plants was found with 18 bivalents 
and 6 univalents to 23 bivalents and one univalent. These plants 
(246 in number) fell into two groups : (1) a very large group which 
resembled rustica in general characteristics and was equal to or 
greater than the F x in fertility. (2)^ four plants which were almost 
identical with paniculata. Two were sterile and two were fertile. 

The third intermediate group corresponding to the intermediate 
group, in the progeny of the back-cross (sylvestris-Tabacum) X 
Tabacum was absent. Later generations from plants in both groups 
were more fertile and more similar to rustica and paniculata 
respectively. It was found that the rustica- like group varied in "a 
manner similar to rustica itself, which is known to exist in a number 
of distinct varieties. Indeed, some of these plants resembled 
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particular varieties of rustica which had not been used in the cross. 
Lammerts (1931) has made an extensive cytological examination 
of these progenies. He found that in viable zygotes the sum of the 
number of bivalents and univalents formed was equal to the haploid 
number of the tetraploid parent rustica —24. This is similar to 
Kihara’s explanation of the behaviour of hybrid pentaploid wheat 
derivatives. The F x hybrid is of the constitution RpPR and when 
crossed with rustica, which produces gametes containing RP, we 
expect in the progeny 12 PP bivalents, together with RR and RRp 
bivalents and R and Rp univalents. As in the sylvestris-T'abacum 
hybrid the relative number of bivalents and univalents depends on 
the number of R, Rp and P chromosomes transmitted from the 
hybrid. 

The Tabacum-sylvcslris F x is less variable than N. rustica and it 
is probable that the hybrid rnstica-paniculata will produce more 
viable and variable progeny than the Tabacum-sylvestris F x . 

The experiments in Nicotiana, Galeopsis, wheat, oats, Phleum , 
Primula Keivensis, Rubus and others are informative on several 
points of biological importance. 

The wild species, Galeopsis Tetrahit , Nicotiana Tabacum , Nicotiana 
rustica, Phleum pratense ( 6 x), Salix cinerea, Rosa Wilsonii, Spartina 
Townsendii, Dahlia variabilis and other species, are shown to have 
been evolved by hybridisation and polyploidy. 

Most of these forms have chromosomes which are not greatly 
differentiated from those of the original parents. Where the two 
original parental species of a polyploid hybrid have no homologous 
parts of chromosomes the polyploid hybrid will have total 
autosyndesis and full fertility. Such forms are Raphanus-Brassica, 
Nicotiana Tabacum and N. digluta. If a hybrid can be obtained 
between two species it is probable that these species are related to 
some extent and have had common ancestors. It is therefore 
expected that parts of the respective chromosome complements will 
be homologous since the chromosomes will be of the same origin. 
Allosyndetic pairing will occur with respect to these parts. Any 
differentiation of the chromosomes of the parental species which has 
taken place since the two species originated, may therefore be 
measured by the amount of allosyndesis occurring in the immediate 
polyploid hybrid between them. The amount of differentiation will 
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be inversely ‘proportional to the amount of allosyndesis. Thus in 
P. Kewensis one and at most three quadrivalents are formed while 
in Galeopsis artificial Tetrahit and pseudo -Tetrahit ($x) trivalents 
are formed occasionally, and in the artificial hcxaploid of Phletrn 
pratense X P. alpinum multiple associations of chromosomes are 
found. 

As already pointed out, allosyndesis in such a hybrid leads to 
reduction in fertility. Further, crossing-over between homologous 
parts of otherwise non-homologous chromosomes will lead to the 
recombination of factors and to interchange, translocation and 
hence to reduplication and deficiency. Sterility is associated 
with these chromosomal abnormalities and natural selection will 
probably eliminate such forms. On the other hand, recombination 
will enable new balances to be set up which may be favoured by 
selection on the ground that they are accompanied by the appear¬ 
ance of a character valuable to the plant. Such may be the cause 
of the appearance of small flowers in the tetraploid Galeopsis when 
the two diploid and related species have large flowers. M tint zing 
found that the triploid and tetraploid forms of Tetrahit had greater 
variability in flower size than the parents, but that the natural 
species had less variation. 

The fact that newly-formed polyploids often show greater 
variability in zygotic and gametic sterility than their succeeding 
generations may be explained therefore on the above basis. 
Obviously the degree of homology between the chromosome sets 
derived from each parent is of great importance in determining the 
genetic behaviour of a new polyploid. There may be some polyploid 
species hybrids which exhibit the phenomena of structural hybridity. 
The differentiation of the chromosomes of the two parental species 
may be both genetical and structural. In a, polyploid hybrid, the 
presence of a previous segmental interchange may therefore be 
brought to light. 

Back-crossing a polyploid hybrid with the parental species usually 
produces a plant with an uneven number of chromosomes. Con¬ 
sequently this hybrid is comparatively sterile and gives rise to 
progeny ranging in type and chromosome number. Some of these 
derivatives, however, may have a relatively high survival value. 
For example, the plants with 25 bivalents which result from the 
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polyploid hybrid between Tabacum and sylvestris might be the 
progenitors of several species of Nicotians with a new basis chromo¬ 
some number. Naturally, of course, the origin and survival value 
of these forms are dependent on the genetic balance. The difference 
in behaviour of the hybrids between N. Tabacum and sylvestris as 
compared with that of the hybrids between N. rustics and paniculata 
is probably due to their different balance. 

The gain or loss of a chromosome in polyploids has much less effect 
on the balance than in diploids. Thus in a polyploid such as 
N. Tabacum aneuploidy might be expected more frequently than in 
the supposed diploid parental species. Plants with a chromosome 
deficiency are extremely rare in diploids. 6 x — 1 or 6 % — 2 forms of 
wheat and oats are known, and Goodspecd and Clausen (19260,6), 
Goodspeed and Avery (1933), Lammerts (1932), Olmo (1933), 
have described 4# — 1 forms of N. Tabacum . The monosomic 
forms, “ corrugated ” and " fluted/’ were found in a Tabacum - 
sylvestris hybrid and in Tabacum respectively. About 60% of the 
eggs and 3% of the pollen containing the chromosome deficiency are 
functional. The particular chromosome homologous to that which 
is deficient in " corrugated ” must bear a dominant factor for reel 
flower, since 31% of coloured plants were obtained on crossing 
" corrugated ” with white N, Tabacum and 98-100% of coloured 
forms on crossing normal sister plants with white Tabacum . Forms 
are even known which have no “fluted ” chromosome (nullo-F) or 
no “ corrugated ” chromosome (nullo-C). 

In a progeny of a selfed haplo-fluted plant which had carmine 
flowers (Co) a coral-flowered (co) plant was found (Clausen, 1930). 
This plant bred true for coral flowers. By crossing normal coral 
plants with fluted carmine plants the combination fluted and coral 
was obtained. It will be remembered that " fluted " has the 
chromosome constitution of 23 bivalents and one univalent. It was 
found that the univalent contained the alternative factors or factor 
complexes for carmine and coral. Sometimes in the hybrid between 
fluted carmine and normal coral a plant was obtained which was 
variegated for the coral and carmine flower colours. Cytological 
examination showed that the normal plants had 24 bivalents, the 
fluted plants 23 bivalents and one univalent, while the variegated 
plants had a fragment in addition to the complements of normal or 
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fluted plants. This fragment appears to be about one fifth of the 
size of the fluted univalent and has been seen to behave irregularly 
at division of the nucleus. This evidence shows that the fragment 
is a part of the fluted univalent and contains the factor or 
factor complex for coral and carmine flower colour. When the 
fragment is present carmine flower colour will be produced but in 
its absence the coral flower colour will be found in plants with the 
coral complex on the fluted chromosome. The variegated condition 
arises through the irregularity of the behaviour of the fragment 
during mitosis. 

If we designate the chromosome which is deficient in " fluted ” 
plants as P and the fragment of F which bears Co as / the 
constitution in respect of the F chromosome of the plants can be 
written: 

normal coral (24II) F -co P-co, 

“ fluted ” coral (23II -f il) P-co, 
normal, heterozygous carmine, coral variegated plant 
(24II + if) P-co P-co/-Co, 

“ fluted ” heterozygous carmine, gcoral variegated plant 
(23II + il + if) P-co /-Co. 

This example is of great interest since it illustrates the effect of 
chromosome fragmentation upon factor inheritance and upon 
variegation in the somatic tissue. 

Indeed Clausen (1932) found five wholly carmine plants in the 
progeny of carmine coral plants. These reversions from a variegated 
form, of the constitution P-co P-co /-Co, indicate that in some way 
Co (carmine) has become stabilised. The reversion of mutated 
endosperm characters in maize investigated by Stadler (see p. 125), 
and the behaviour of genes in maize (see p. 116), may be considered 
along with this case. 

Crepis. Genera such as Crepis , Car ex, Viola, Salix , and Rosa 
have been extensively studied from the point of view of species 
differentiation. In these investigations the genetics, cytology 
and taxonomy of the species have been taken into consideration. 
These genera exhibit some of the phenomena already seen in 
Nicotiana as well as characteristics peculiar to each of them. 

In Crepis and Car ex changes in chromosome number and 
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morphology arc frequent. Chromosome numbers in Crepis species 
include 2 n = 6, 8, 10, 12, 14, 15, 16, 22, 33, 40, 44, 55 and 88, but 
about three-fifths of all the species have the somatic number of 8, 
and about one-fifth of the species have the chromosome number 10. 
Crepis capillaris and fuliginosa are distinct among the higher plant 
organisms in having the low chromosome number 2 n (> (Babcock 
and Cameron, 1934). 

At least six interspecific hybrids of ('repis have been observed to 
occur in nature. Certain of these occur not infrequently, and the 
fact that interspecific hybrids may be obtained artificially with 
comparative case indicates that in nature, where different species 
occur together, hybridisation may not be uncommon. Artificial 
hybrids in about 100 different combinations involving 36 species 
have been obtained by various workers. Only about one-fifth of 
these hybrids are fertile to any extent under natural conditions, and 
these are mostly hybrids between closely related species. A table 
compiling results obtained by the various workers is given by 
Babcock and Navashin (1930). The study of this group of partially 
fertile hybrids substantiates the close morphological relationships 
observed between the parental species. Many hybrids which art* 
almost sterile can be back-crossed successfully. In this way it has 
been possible to study them and their derivatives both genetically 
and cytologically. In general where one parent has more chromo¬ 
somes than the other, the characters of the parent with the higher 
chromosome number predominate in the F x . 

Collins and Mann (1923) obtained vigorous hybrids between the 
species C, biennis (2 n -- 40) x C. setosa (2 n 8). The F, possessed 
characters mostly resembling C. biennis and contained 20 biennis 
chromosomes and 4 setosa chromosomes. In meiosis 10 bivalents 
and 4 univalents were formed regularly, indicating that the chromo¬ 
somes of the biennis haploid complement paired among themselves, 
i.e, f autosyndesis. In view of this they predicted the possibility of 
obtaining constant fertile forms containing chromosomes derived 
from both species. This prediction was fulfilled (Collins, Hollings- 
head and Avery, 1929). The F 2 plants were very heterogeneous— 
those most like biennis being most fertile. One F 4 plant was 
found to breed true, and since it possessed characters distinct from 
other species it was given specific rank and termed C\ artificialis. 
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It formed a link between two subgenera Eucrcpis and Barkhausia. 
The chromosome complement of C, artificialis was found to consist 
of io pairs of biennis chromosomes plus two pairs of setosa chromo¬ 
somes. The two pairs of setosa chromosomes could be recognised 
from their morphology (Fig. 55). At first metaphase 12 bivalents 
were observed—autosyndesis accounting for its breeding true. On 
back-crossing artificialis with setosa, it was found that 7 bivalents 
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Fig. 55. Somatic chromosomes of a, Crcpis setosa [zn 8); b, 

C. biennis (2 n = 40) ; c, F x hybrid C. setosa x C. biennis (2 n a* 

24) ; d, C. artificialis (2 n » 24) ; the 2 pairs from setosa are 
numbered as in a. (Collins, Hollingshead and Avery, 1920.) 

and 2 univalents were formed in the derivatives, and therefore 
autosyndesis must have taken place in the case of the 10 biennis 
chromosomes. Further evidence of this form of internal pairing 
among the 10 biennis chromosomes was obtained from the progeny 
of an F x back-crossed with biennis. In this case some plants 
received no setosa chromosomes from the hybrid parent, and since 
15 bivalents were formed, the 10 biennis chromosomes from the 
hybrid parent must have formed five pairs. From this evidence it 
is concluded that C. biennis is an octoploid species containing eight 
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sets of live chromosomes, although each kind of chromosome is 
probably not present eight times. The distinctive size and vigour 
of this species as compared with other species also substantiates the 
view that it is polyploid. Up to the present no species of Crepis 
have been recognised as the forms from which the polyploid biennis 
may have originated. 

In C. artificialis we have an example of a new species which has 
appeared suddenly by hybridisation and not through gradual 
changes. An essential feature in the meiosis of C. artificialis is the 
autosyndetic chromosome pairing, which results from the polyploid 
nature of one of the parent species. 

Triploids have been observed by Navashin (19256, 1926, 19290,6) 
in the following species, C. capillaris , C. teetotum , C. dioscoridis and 
C. parviflora. He believes that they arose by fusion of an egg 
containing the diploid number of chromosomes, with a normal male 
gamete. Tetraploids were found in C. teetotum and a pentaploid 
in C. capillaris . 

On selling triploids the progeny consisted mainly of diploids and 
triploids and a few single and double trisomics and higher grades of 
polyploids. Using these triploid forms as females in crosses with 
other diploid species, Navashin (19276, 19290) obtained hybrids 
containing two, three and four maternal haploid groups along with 
the haploid paternal group. F x interspecific hybrids, when allowed 
to hybridise with the parental species and when sufficiently fertile, 
were found by Navashin (19276, 1928, 19296) to give mainly 
triploids and diploid hybrids in the progeny (when a third species is 
present trispecific hybrids are sometimes produced). A few re¬ 
combination products and higher polyploids occur. The triploids 
contain two haploid groups of one parent and one haploid group of 
the other parent; the diploids are either like the pure parental 
species or identical with the F x hybrid. The higher polyploids may 
have, for example, three haploid sets from one species with either 
one or two haploid sets of the other species. In three cases inter¬ 
specific hybrids containing the diploid complement of each parent 
have been obtained, viz., 

2 capillaris + 2 dioscoridis (Navashin, 19296) 

2 capillaris + 2 teetotum (Hollingshead, 19306). 

2 rubra + 2 feetida (Poole, 1931). 
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The latter tetraploid hybrid was the only one which was somewhat 
fertile—an unusual result, since most polyploid hybrids in ('repis 
and similar tetraploids in other genera are partially fertile. 

Trispecific hybrids usually (i.) are gigantic, especially so if they 
contain two or more haploid sets of one parent, (ii.) show characters 
of all three species, and (iiL) are sterile. 

There is, therefore, no lack of evidence of chromosome doubling, 
either in the species itself or through hybridisation, and the fact 
that a tetraploid interspecific hybrid which is somewhat fertile has 
been produced tends to support the possibility of chromosome 
doubling having given rise to the higher numbers in the series. On 
the other hand, when an attempt is made to utilise this evidence in 
the theoretical reconstruction of the species, it meets with little 
success. 

Among the progeny of a triploid hybrid of C. capillaris x C. 
tectorum Hollingshead (19306) found a class containing the diploid 
capillaris chromosome complement together with various combina¬ 
tions of tectorum chromosomes. Like trisomics, these were of low 
viability and tetrasomics did not occur. This evidence is against 
the idea that species with the addition of chromosomes may arise 
in this way, but is not conclusive since all species may not behave 
in this manner. 

The genetics of several diploid species has been studied, C. 
capillaris (2 n = 6), Babcock and Collins (1922a,?;), Rau (1923), 
Collins (1924), C. dioscoridis (2»=8), Collins (1926), Haney (iinpub.), 
C. feetida (2 n = 10), Haney (unpub.), C, negleda (2« 8), Avery 

(unpub.), C. rubra (2 n = 10), Haney (unpub.) vide Babcock and 
Navashin (1930), C. tectorum (2 n = 8), Collins, vide Babcock (1922), 
and in each case the pairs of characters were found to segregate in 
a mendelian manner. Factor mutation has probably played a part 
in the formation of the numerous polymorphic species in the 
genus. 

The view that factor mutation only produces pathological effects 
and cannot therefore play a part in evolution is quite untenable, 
for besides other examples given throughout this book many of the 
allelomorphic characters studied in Crepis have no effect whatsoever 
on the viability and fertility of the plant. 

An interesting contrast is shown by C. capillaris where hairy 
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involucre is dominant to hairless involucre, while in G: neglecta 
and C. bursifolia for the same characters the dominance is 
reversed. 

On crossing two distinctly different forms of C. capillaris ; 
C. iectorum or C. rubra (Haney, unpub.), respectively, it was found 
that the F^ were only about 50% fertile and the F 2 s were highly 
variable. This evidence indicates that in species of wide geographic 
distribution, factor mutation and structural rearrangement may 
have produced extreme types and this process together* with the 
aid of isolation may eventually produce forms of specific rank. 
Further evidence that factor mutation has played a part in the 
evolution of Crepis was obtained by Collins (1921). On crossing 
two different races of C. capillaris both races having no palese on 
the receptacle (a character which is almost universal in Crepis ), he 
found types among the hybrids having palese on the receptacle. 
Moreover, this recessive reversionary character was inherited in a 
simple mendelian manner. Presence of paleae is phylogenetically 
older than its allelomorph, absence of paleze. It is therefore 
probable that a step in the evolution of Crepis has been made 
through the dominant factor mutation for absence of paleae. 

An interesting interspecific lethal factor has also been discovered 
in Crepis. Babcock and Collins (1920a) and Navashin (1926) crossed 
C. capillaris with C. tectorum and obtained hybrids which died in the 
cotyledon stage. Later Navashin (19276) succeeded in obtaining 
viable hybrids, whilst Haney (unpub.), using different plants of each 
species, obtained five families, one of which produced twent}' 
mature plants, the other four families dying at the cotyledon 
stage. Hollingshead (1930a) investigated this behaviour and 
found that some plants of C. tectorum contained a factor, either in 
the homozygous or heterozygous condition, which did not affect the 
germination, but was lethal to the development of hybrids between 
C. tectorum and C. capillaris. This lethal was also effective in 
hybrids of C . tectorum with C. bursifolia and C. leontodontoides, but 
probably ineffective in hybrids between C. tectorum and C. setosa or 
C . taraxacifolia . The races of C. tectorum used in this experiment 
were of wild origin and from regions widely separated so that this 
factor mutation took place either early or frequently in the evolution 
of this species. 
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The cytological study of Crepis species, Babcock and Collins 
(1920), Collins and Mann (1923), Mann (1925), Taylor {1925), 
Navashin (19250,6, 1926, 19270,6, 192H, 19290,6, 193x0,6,0), 
Babcock and Mann Lesley (1926), Holiingshead (19306), 
Hollingshead and Babcock (1930), Collins, Holiingshead and Avery 
(1920), Babcock and Clausen (1929), Avery (1930) and Rosenberg 
(1928), Richardson (1935), Babcock and Cameron (1934), Babcock 
and Emsweller (1936), indicates a further method of species evolution 
—namely/ structural change of the chromosomes. 

By comparing the somatic chromosome complements of different 
species with regard to their number, morphology and size, some 
insight is obtained regarding the relationships between the species 
and the processes which have given rise to the differentiation. 

Particular attention has been paid to morphological characteristics 
of the somatic chromosomes such as the position of the attachment 
constriction, the presence and absence of satellites and also differ¬ 
ences in size. In this way it has been possible to recognise each of 
the pairs of homologous chromosomes in most of the species. 

The majority of Crepis species differ from their closer relatives 
in the morphology of the chromosomes and not in the number of 
chromosomes. That these morphological characteristics of the 
chromosomes are constant has been amply proved. Thus in 
interspecific Crepis hybrids it has been shown that the parental 
chromosomes appear unaltered in the hybrid. Incidentally, this 
affords further proof that the chromosomes retain their individuality. 
A few exceptions to this rule have been discovered which usually 
consist of the loss of a satellite from a particular chromosome. 
This phenomenon is termed amphiplasty. An example of this is to 
be found in the F x hybrid between C. capillaris and C, tectorum 
where the satellite on the tectorum D chromosome is always lost, 
while the satellite on the capillaris chromosome is unaffected. This 
behaviour occurs whichever way the cross is made. On the other 
hand, in the F x hybrid between C. capillaris and C. parviflora the 
satellite is always lost from the capillaris chromosome. This 
behaviour is regarded as the result of the particular physico¬ 
chemical condition set up in the hybrid cell. Miintzing shows that 
the hybrid of Crepis divaricata and dioscoridis (n = 4) contains 
evidence of structural differences between the chromosomes of the 
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two species, while. Richardson (1935) finds structural difference in a 
race of C. capillaris. . ' " 

It has been found that morphologically similar species of Crepis 
have similar chromosomes, a condition which is associated with a 
common phylogenetic origin. There is one exception where a group 
of species far removed phylogenetically have similar chromosomes. 

Changes have taken place during the process of evolution with 
regard to chromosome shape. Races occur within species which 
differ from the type in the shape of one pair of chromosomes 
(position of attachment constriction) and others occur which possess 
a heteromorphic pair of chromosomes. Another species may be 
divided into three races in respect of their chromosomes bearing 
satellites. One race has two large satellites, one has two small 
satellites and one has unequal satellites on the pair of homologous 
chromosomes: These satellites remain unchanged in later 

generations. This evidence indicates that changes in shape are not 
uncommon. 

Differences > in size and number of the chromosomes must also 
have occurred. Generally increase in number is associated with 
increase in length. Differences in length may occur with regard 
to the total length of all the chromosomes (1 i.e ., chromatin mass, 
for all Crepis chromosomes are of about the same thickness) but may 
only affect individual chromosomes. 

Navashin (1931&) has examined thirteen species and found that 
the cell volume is proportional to the amount of chromatin, i.e., the 
size of the chromosomes. Thus it was proved that interspecific 
differences in the amount of chromatin have the same consequences 
as intraspecific differences where the diploid complement is increased 
by one or more haploid complements, i.e., polyploidy. 

Alteration in the chromosome number, e.g the addition of a pair 
of extra chromosomes does not appear to have taken place following 
previous non-disjunction since no diploid species of Crepis is known 
to have more than two homologous chromosomes associated. 
Further, the genetical evidence shows that trisomics are of low 
viability, and that tetrasomics do not occur. As already seen, 
however, increase in chromosome number through doubling of the 
chromosomes is a possibility. 

Decrease in chromosome number, e.g., elimination of a pair of 
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chromosomes may result from irregularities at meiosis or from 
fusion of non-homologous chromosomes. No evidence of the 
former type is available in Crepis, and known cases of this type only 
occur in polyploids, Tritiewn (Kihara (1924, 1025), Hoskins (1928a)), 
Avena (Huskins, 1927) and Primula Kewemis (Newton and Pellew, 
1929), The plants moreover were partially or wholly sterile. 
2»—x plants have never been discovered in Crepis and such types 
in Datura never gave rise to plants lacking a pair of homologous 
chromosomes. Possible evidence of fusion has been obtained in the 
discovery of a large V-shaped chromosome (Navashin, 1931 a). 

As has been already pointed out, most of the closely related species 
differ in morphological details of the chromosomes and not in 
chromosome number. These morphological differences are there¬ 
fore regarded as being the most important factor in the differentia¬ 
tion of the species. As to how these differences take place the 
evidence is very meagre but suggestive of structural changes. 
There is no definite evidence for fusion but fragmentation of the 
chromosomes has been observed in three species of Crepis , In 
certain cases the fragmented chromosome has given rise to two 
functional chromosomes, and in one species plants containing frag¬ 
mented chromosomes were partially fertile. In this way new 
specific chromosome sets may have originated. Large V-shaped 
chromosomes, which have been observed, have probably resulted 
through fragmentation and fusion. 

Recent cytological investigations in other genera have shown 
that changes involving fragmentation, translocation, reduplication, 
inversion and deletion of parts of the chromosomes have taken 
place in the processes of evolution. These changes have also been 
artificially induced in Crepis (Navashin, 1931c) and in other plants 
by irradiation with X-rays. It would appear that in the evolution 
of Crepis, changes such as these, termed " transformations/* have 
played an important part, resulting in differences in size and shape 
and to some extent in the number of chromosomes. Associated 
with these differences there would naturally be differences in external 
morphology through loss or gain of factors giving rise to a new 
factorial balance. In addition, factor mutation would play a part 
in the differentiation of the species without causing alteration 
of the chromosome complement. Polyploidy and interspecific 
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hybridisation are also apparently involved in the creation of new 
species. 

Transformation, however, is regarded by the Crepis workers as 
being the most frequent cause for the origin of new species of Crepis. 

Viola (vide Clausen, 1931a). In the Melanium section of Viola 
are species with chromosome numbers ranging from 2 n — 14 to 
2 n = 60, with intermediate numbers such as 20, 22, 26, 34, 36, 40 
and 48. 

Some relatively fertile interspecific hybrids have been obtained 
and by a genetic and cytological study of the group it has been 
possible to indicate in some measure the mode of evolution of the 
sub-genus. 

Table 49 gives the cytological behaviour together with the fertility 
of some of the species hybrids. It can be seen that hybrids between 
species with different chromosome numbers were quite frequently 
obtained and that the F t s were sometimes fertile (e.g. t the F x of V. 
tricolor X V. arvensis) and that succeeding generations were 
obtained. The chromosome behaviour in meiosis in the species 
hybrids is of particular interest. In crosses 1, 2, 3, 5, 6, 7, 10, 12, 
13, *5, *6, 18 and 20, associations of more than two chromosomes 
were observed. In addition, several cases were noted where the 
chromosomes might be considered to be secondarily associated (see 
p. 324) although Clausen is unwilling to be definite on the matter. 

It is of importance to note that multiple association of chromo¬ 
somes occurred in the F x s when only bivalents were formed in the 
parent species. An example of such a case is the F t of V. cornuta 
(2 n = 22) X V. elegantula (2 n = 20), in which trivalents and 
quadrivalents were formed. Probably this results from differences 
in the arrangements of the segments of the chromosomes, i.e., the 
species hybrid is also a structural hybrid. 

In other cases where the chromosome number of the hybrid is 
higher it is probable that both interchange and reduplication of 
chromosome parts are the causes of multiple association. The 
presence of univalents may arise either from too little.or too much 
homology among the chromosomes. Trivalent formation or, when 
the frequency of chiasmata is low, failure to form trivalents or quad¬ 
rivalents will lead to the appearance of univalents at metaphase. 

Autosyndesis sometimes occurs in hybrids between species with 
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high chromosome numbers and species with low chromosome 
numbers (hybrids, numbers 3, 12 and 15). In these cases, more 
bivalents are formed than expected from the number of 
chromosomes in the species with the low chromosome number 
(cf. Papaver, p. 221). It is interesting to note that in three crosses 
(numbers 7, 11 and 18) the hybrids showed least pairing between 
chromosomes although the chromosome numbers of the species are 
comparatively high. From these cytological observations it is 
possible to estimate the chromosome relationships of the different 
species. It is seen, for example, that the hybrids involving 
elegantula (2 n = 20), rothomagensis (2 n = 34), or lutea (2 n = 48), 
probably contain most multiple associations of chromosomes while 
the chromosomes of nana (2 n = 48) are not capable of autosyndesis 
in a species hybrid. 

A cogent scheme for the chromosome constitution of the species 
can be formulated. 


diploid, A A 
tetraploid, AABB 
hexaploid, AABBCC 

octoploid, AABBCCCC 


V. Kitaibeliana . . . 2^=14 

V. tricolor , V. alpestris . 2^—26 

V. arvcrisis, V. rothomagensis 2^=34 
V. Kitaibeliana . . .2^=36 

V. nana, V. lutea . . 2^—48 


In the above scheme each letter represents a set of six chromo¬ 
somes. It will be noticed that there is no constant basic number # 
of the sub-genus, nevertheless, the forms with the haploid numbers 
7, 13, 17 and 24 appear to bear some resemblance to a group with 
the haploid series 6, 12 and 18. Possibly the change from the 
euploid to the aneuploid series is directly responsible for the various 
specific differences that have been noted between the forms. The 
change in balance by the addition of a chromosome probably 
derived by duplication, would create a morphological and physio¬ 
logical change sufficient to isolate the new form from the old, in the 
wild state. The change in chromosome content in an additive 
manner is apparently common in this sub-genus and it occurs even 
in one species. 

V. Kitaibeliana , to which group V. nana belongs, is an instructive 
example of evolutionary change. The species is known in two 
forms (2 n = 14) and (2 n = 36), which are morphologically very 
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similar although their chromosome numbers do not conform to a 
geometrical series. Further, hybrids between them show as much 
if not more, failure of chromosome pairing as do hybrids between 
taxonomic species. The form nana is more compatible with the 
arvensis group than with its own Kitaibcliana group. 

On cytological grounds alone one is able to say that these various 
species are related closely to one another and that they have evolved 
by segmental interchange, polyploidy and hybridisation as in other 
genera. The evolutionary processes of Viola arc in contrast to 
those of Nicotiana due to the fact that the ancuploid condition is 
more viable in Viola than in Nicotiana. Crepis probably occupies 
an intermediate position in this respect. 

The genetical study of Viola fully confirms, and also extends, the 
conclusions derived from the cytological study of the forms. Much 
painstaking work has been done by Clausen in identifying the 
various factors involved in the inheritance of flower colour, antho- 
cyanin distribution, shape and size of flower, presence and absence 
of labellum, and length of life. These factors may be transferred 
from one species to another by hybridisation and an extraordinary 
range of phenotypes can be produced. Characters such as labellum 
and size of flower, which systematists justly use for classification, 
are inherited in a similar way to varietal differences. As expected 
from the cytological constitutions, polymeric factors are common 
in the group. This is especially the case in regard to the factors 
controlling anthocyanin production. Other factors, however, are 
sometimes not duplicated. " Addition, subtraction, duplication and 
exchange of entire chromosomes or parts of them may account for 
many deviations from an identical behaviour by chromosomes of 
species with the same chromosome numbcr. ,, (Clausen, 1931# 
P-300). 

The taxonomic criteria of morphological difference and inter¬ 
sterility for species delimitation are certainly difficult to maintain in 
view of the experiments on Viola. Phytogeny may not be appealed 
to, since the phytogeny of the Melanium violets is probably similar 
to a network rather than to a branching tree. 

The manner of evolution of some species in this section has 
probably been repeated in the production of the species V. 
phanoelegantula, V. crassicaulis , V. hyperchromatica and V. vclaim, 



ANTIRRHINUM 


33* 


which are forms that have only arisen from species hybrids in culture. 
The first has 25-27 chromosomes, and arose from V. tricolor alba 
(2 n = 26) x V. elegantula (2 n = 20). The second has 25-26 
chromosomes, and arose in the F 2 from V. tricolor alba (2 n = 26) x 
V. Orphanidis (2 n = 22). V. hyperchromatica (2^ = 42) arose 
from the cross V. tricolor (2 n — 26) x V. arvensis (2 n = 34). The 
increased number of chromosomes resulted from partial doubling of 
chromosomes during meiosis in the F x plant. These forms are very 
fertile and constant for distinctive characters, but variable in others, 
although their chromosome numbers range round the numbers 
given above. (Clausen (1931&) has found that plants of Viola 
canina L. } from different districts, have varying chromosome 
numbers.) See also Fothergill (1938), Genetica. 

Antirrhinum. The genus Antirrhinum may be considered as a 
contrast to the genera Crepis , Nicotiana and Viola , which contain 
species whose evolution is bound up with chromosomal change 
either in number or structure. 

Antirrhinum contains at least eight species (Baur, 1910, 1924), 
and innumerable wild and cultivated varieties. These species, 
with the exception of A. siculum , cross readily and produce fertile 
progeny. A. siculum produces partially sterile progeny on hybridi¬ 
sation with other species of the same genus. Baur (1924) and Lotsy 
(19x3) have investgiated the progeny of several species crosses. 
The reciprocal crosses between A . majus and A . glutinosum (molle) 
give rise to F a hybrids which are similar and intermediate between 
the parent species in morphology. The F 2 generation exhibits extra¬ 
ordinary variation ; nearly every character is found to vary and to 
be combined in innumerable ways with other characters. Further, 
the range in variability of the F 2 exceeds that of the parental 
species. Teratological flower types which sometimes resemble the 
flowers of other genera of the Scrophulariacece are not uncommon. 

The cytological behaviour of these hybrids is unknown, but the 
parental species have sixteen somatic chromosomes. Since the F x 
hybrids are fertile and produce a great range of types in the F 2 , it is 
probable that the chromosomes of the F x pair as bivalents, and that 
the factors are able to cross-over as in the parental species, thus 
giving rise to great variation. 

Nicotiana Langsdorffi, IV. alata and N. forgetiana behave similarly 
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to the Antirrhinum species. Doubts are sometimes raised as to 
whether specific rank should be given to such a group of plants 
which do not normally cross, but appear to have homologous parts 
of chromosomes and allelomorphic factors. On this point Lotsy 
(1916) and Jordan (1905) have attempted to show that the genotype 
(biotype) is the basic unit which should have specific rank. While 
the genotype is certainly a basic unit, it does seem that the Linnczan 
species, which is composed of several biotypes, has a definite 
recognisable position as a biological unit. 



CHAPTER XI 


CONCLUSIONS 

A survey of the recent results of plant genetics indicates several 
new lines of work the importance of which was not fully realised a 
few years ago. The full effect of the study of polyploidy, structural 
changes, somatic crossing-over, position effect and the physiological 
actions of the genes is not yet apparent but the influence of this 
work has already produced disturbing changes in genetical theory. 
The discoveries of cytology have firmly established the mechanism 
of inheritance, and have raised many problems which genetics alone 
can solve (see p. 97). The recent combined genetical and cyto- 
logical work of McClintock {Zed), Belling and Blakeslee {Datura), 
Muller, Dobzhansky, Sturtevant, Beadle, Stem and Bridges 
{Drosophila) provides much valuable evidence in support of the 
various theories of genetics and cytology. It is possible for 
example, to follow by genetical means the conditions of chromosome 
pairing, chiasma formation and disjunction. It is also possible to 
relate the position of the centromere and trabants to the locus of the 
genes, while Sturtevant’s great work in precisely defining the 
consequences of the chromosome theory is being directed to include 
" Position effect ” and preferential segregation. Both these last 
subjects are in their infancy and will probably expand rapidly in the 
future. 

By a combination of genetical, statistical and cytological 
methods Weinstein, Schweitzer, Charles and Mather show how a 
precise mathematical determination of genetical phenomena may 
be made with considerable advantage in practical analysis and also 
in formulating laws of segregation and chiasma formation (see 
p. 89). 

The prevalence of polyploidy among plants, and its rarity in 
animals, tended to separate animal from plant genetics, but the 
study of structural hybridity has counteracted this tendency. 
Indeed, despite the specialised terminology of each branch of 
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genetics it is essential that the worker on one organism should be 
aware of the results from other organisms. Plant genetics has 
shown that Weismann’s conception of the isolation of the germ- 
plasm from the soma is untenable, that the gamete need not he 
pure for one factor, but may contain more than one allelomorph, 
even in normal forms, that the pure line theory of johannsen is 
valuable in counteracting erroneous views of the action of 
selection, but is untenable in practical genetics. Animal 
genetics has shown how prevalent are large and small struc¬ 
tural changes in the chromosomes of an organism, how the chromo¬ 
some theory of heredity may be tested ancl how the behaviour of 
the chromosomes may be followed by genctical analysis. In 
conjunction, plant and animal genetics provide a coherent picture 
of the hereditary constitution of the individual organism. No 
longer may the geneticist be charged with solely studying characters 
which have little or no relation to the vitality of the organisms in the 
wild. Genes controlling the alternation of generations in the fern 
(Andersson-Kotto), vitamin content (Crane and Zilva, Sansome and 
Zilva), Anthocyanin metabolism (Lawrence and Scott-Moncrieff), 
catalase activity (Overbeek, 1935,1938), manufacture of chlorophyll, 
germination of seeds, pairing of chromosomes, sterility, and 
brittleness of plant to the extent that the plant falls to bits when 
touched (Zea), are shown to behave in inheritance in a similar way to 
the original green-yellow, round-wrinkled unit characters of 
Mendel. 

A start is now being made (Ephrussi, Scott-Moncrieff, Wit, 
Blakeslee, 1921) to discover the intervening steps between the 
gene’s action in the cell and the final character expression. It must 
be emphasised that no geneticist assumes that one gene determines 
one character in a manner similar to that imagined in the old 
homunculus theory. Bridges introduced the useful idea of the 
production of a master substance by a gene. This master substance 
is supposed to interact with master substances produced by other 
genes to develop, through a long chain of processes, the final 
character. The study of the interaction of master substances is 
obviously the field of physiologists and biochemists. In plants very 
little is known on this subject, but organiser and inductor substances, 
hormones and pigment development in animals are slightly better 
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understood. It should be noted that at present no assumptions as 
to the nature of the gene can be made from its observable effects. 
The size of the gene (see p. 137) can be estimated and theories as to 
its chemical and physical nature (Wrinch) can be formulated. 
Whether the gene exists as a distinctive entity, or is only a 
particular arrangement of molecules in relation to other molecules 
is for the future to determine (see Goldschmidt, Wrinch, Winkler). 

Gene action and balance can be seen in the diploid, but attention 
is more sharply drawn to them when polyploids and structural 
hybrids are considered. The pod structure of Raphanus-Brassica, 
the chromosomal mutants of Datura , Tomato, Matthiola and 
Drosophila illustrate well the general influence and importance of a 
stable balance in the life of a plant. It should be noted that 
different balances of genes in a species lead to changes in morpho¬ 
logical and physiological characters which are similar in kind and 
degree to those associated with allelomorphic gene differences. 
Lethality of gametes or zygotes is often found associated with 
deficiencies and duplications. No prediction, however, can be 
made as to the probable effect of any particular change. In Iris, 
Biscutella, Narcissus, and Hyacinthus , aneuploids ranging in 
chromosome number between 2% and 4% can occur, whereas in 
Lycopersicum, Matthiola and the majority of plants the survival 
of forms with more than 1 or 2 extra chromosomes is low. 

Dominance of one factor over another as seen in the character 
expression is another phenomenon of balance. On pp. 114-140 
were described the various theories on the constitution of the 
factor. The theories are all in agreement on two points. The first 
is that the dominant factor produces a more saturated condition of 
character expression than the recessive in the presence of a given 
genetic constitution. The second is that the saturation point in 
character expression may be varied by a change in factors other than 
the allelomorphs involved. 

Particular emphasis is given to these views by the experiments on 
polyploids. A factor which is completely dominant in a diploid 
(A dominant to a in an Aa plant) may not attain the same degree of 
dominance in a tetraploid until in the duplex condition.- Either the 
balance of dominants to recessives in a simplex form (Aaaa) is 
insufficient, or the balance of A factors to the quadruple sets of non- 



336 


CONCLUSIONS 


allelomorphic factors is disturbed: the saturation point of the 
character is not reached until more A factors are present. 

The examples from Primula sinensis , Dahlia variabilis and 
Funaria hygometrica, quoted in Chapter VI, are of particular interest 
in this respect. The increase in the number of dominant allelomorphs 
of one factor results in an increase in the expression of the character 
controlled by the factor. When the stage of saturation of the 
character expression has been reached, little or no effect of addition 
of further dominant allelomorphs will be noticed. This saturation 
point is not reached in the case of the factor B of Funaria 
hygrometrica , even in the quadruplex condition, but the expression of 
capsule colour is probably saturated at a point between the duplex 
and triplex condition of factor C. 

Although the heterozygous diploid is intermediate between the 
homozygous dominants and recessives, the recessive allelomorphs 
to the B and C factors in Funaria appear to have little influence on 
character expression in the presence of the dominant. Nevertheless 
the recessive allelomorphs do exert an effect on the expression 
which is similar in kind but less in degree than the dominants. 
This is seen in the fact that c 4 and b 4 give rise to character expressions 
more similar to the appearance of a simplex or even a duplex in a 
tetraploid than to the corresponding triploid and diploid recessives. 

An extremely informative example is that of Drosophila 
melanogaster, where Stern was able to produce the expression of the 
dominant allelomorph by duplication of the recessive allelomorphs 
(see p. 189). Further he proved that factors in other chromosomes 
influenced the degree of expression of these duplicated recessive 
allelomorphs. The experiments of Lawrence on Dahlia variabilis 
(see p. 190) indicate that, in addition to the interaction of the 
products of factor action, there must be considered the competition 
between the factors for materials necessary for their respective 
products. 

He found that the factors Y and I for production of flavones 
interfere with the production of anthocyanins by the factors A and 
B. Y also interferes with the action of I. The analysis of various 
combinations of these factors in the double autotetraploid Dahlia 
variabilis shows that there is an effect proportional to the number 
of dominant allelomorphs of each factor present. 
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Dominance and epistasy are the result of the factors interacting 
with each other, together with the action of environmental factors 
upon the development of the organism. It will be seen, therefore; 
that, starting with the analysis of single factors, genetics has built 
up a coherent scheme which resembles the outlook of workers in 
other biological fields. The advantage in the genetical method 
lies in the fact that it has established a unitary basis for the 
biological standpoint. 

The theories of the gene and gene action which have been given 
in Chapter III show a remarkable similarity to Blackman's law of 
limiting physiological factors in its modern guise. Indeed, it is 
possible to summarise many phenomena in this form. Thus the 
expression of a character is dependent on all the genetic and environ¬ 
mental factors, its degree being limited by the amount of action 
shown by the least potent of these. 

It should always be realised that the direction of the gene action 
may be interpreted as a negative action. For example, the older 
“ exaggeration ” phenomenon (see Mohr, 1923), in which a deficiency 
of a locus gives rise to a more extreme type from the wild type than 
the recessive, is interpreted more correctly by modern genetics, as 
follows ; the “ wild type ” of eye colour depends on more gene 
master substance than the recessive allelomorphs, which in turn have 
more than the absence. Further, the dominant need not necessarily 
produce more master substance than the recessive. For example, 
some of the Minutes in Drosophila probably give less gene action 
than the + gene. 

Following the Darwinian epoch it was thought that selection 
could continuously change a race by the aggregation of small muta¬ 
tions directly induced by the selection. This conception was a 
direct result of the effect of the “ Origin of Species ” and Galton's 
“ Natural Inheritance " upon biological thought. Point was given 
to this view by the knowledge that selection of the best individuals 
in a species could improve the varieties of the species. Johannsen, 
however, showed that selection could only affect genetically hetero¬ 
geneous varieties and had no effect on homozygous strains. A 
description of his experiments with beans will be found in Johannsen 
(1903). 

The theory of the pure line is a valuable theoretical conception, 
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showing that selection acting .on the phenotype only indirectly 
affects the genotype. The knowledge of polyploids, structural 
hybrids and the high frequency of mutations indicts that a pure 
line probably does not exist in practice. Even a haploid vegeta- 
tively propagated will not give rise to a pure line because variation by 
mutation, by somatic crossing-over, or position effect is very great 
(see p. 261). 

Heterozygous plants may not show their heterozygosity by 
segregation. For example, triplex (AAAa) tetraploids may only 
give gametes of the constitution AA and Aa. When complete 
dominance is present no segregation is observed. In many 
organisms ( Pharbitis ,Imai (1930a), Papaver, Philp (1933), Chorthippus 
(Sansome and La Cour)) the character expression of one gene may 
prevent the detection of the segregation of other genes. Roller 
(1932) reports that a race of Drosophila pseudo-obscura homozygous 
for a gene shows variation and fluctuation as the result of the 
heterozygosity of genes which modify the character determined by 
the homozygous gene. In structural hybrids and also apparently 
in what were assumed to be structurally homozygous diploids 
unsuspected heterozygosity may persist for many generations (see 
Muller, Bridges). 

One of the most remarkable and far-reaching discoveries has 
resulted from the analysis of salivary gland chromosomes. From 
the work of Muller, Painter, Bridges, Dobzhansky and Sturtevant 
it has been shown that the chromosomes of normal Drosophila 
melanogaster contain duplications, deficiencies and inversions. 
Even in individuals, which on previous knowledge were thought 
to be normal diploids, there probably are many chromosome 
abnormalities. As Muller (1938) points out, duplications inserted 
in a chromosome may undergo mutation and give rise to new genes, 
thus increasing the potential number of genes in an organism. The 
position effect phenomenon, first definitely established for the 
Bar-locus of Drosophila by Sturtevant, has been shown to occur in 
other loci than Bar. 

Variations produced in this manner, especially in sections of the 
chromosome which are " blocked ” by small inversions from normal 
crossing-over, e.g. y Dichaete in Drosophila , provide more than 
sufficient basis for evolutionary development and may be the 
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method by which genetic changes of Order or Phyla rank have taken 
place. It has been shown that despite the prevalence of structural 
changes, large sections of the chromosomes of the genus Drosophila 
are similar in different species. Their cytological appearance may 
be rather different, but taken largely gene positions and gene 
properties of chromosome arms correspond remarkably closely. 
Similarly, within the Zea-Euchlama or Secale-Triticum-Mgilops 
groups the gene structure of the chromosomes shows a stability and 
uniformity that is remarkable, when structural changes within a 
species are so prevalent. 

It is also probable that “ repeats ” and similar phenomena may 
account for the general absence of segregation of specific and generic 
characters. .Although it is possible to change the Family characters 
of Lycopcrsicmn by combining rccessives to give a 5-carpelled fruit, 
compound inflorescence and apetalous flowers, or to change the life 
cycle of ferns or Drosophila by genes, it is perhaps significant that 
even after X-rays the visible mutations are most frequently not 
those which taxonomists use in classification. It may be that, as 
in the case of the many Minutes of Drosophila , the fundamental 
genes which control type are present several times at different loci. 
Thus sex determination in Drosophila mdanogaster cannot be limited 
to any one position on the A'-chromosome. 

A highly important result of the knowledge of structural changes 
is that it is necessary to regard the conclusions from secondary 
pairing, from pairing in polyploids, alio- or autosyndesis, and from 
the karotype analysis of groups of plants with caution. Conclusions 
as to the affinities of chromosomes, based on observations of pairing, 
are less certain than hitherto supposed. It does not necessarily 
follow that in hybrids between species with different chromosome 
numbers, the univalents represent the chromosomes of the parent 
with the higher chromosome number. Chromosome analysis is a 
valuable method of attack on specific relationships, but should not 
be given too great an emphasis. 

Sewell Wright (1921 a,h } 1930, 1931, 1932), Haldane, Wadding- 
ton, and Fisher among others have considered mathematically the 
effects of selection, population size, different methods of breeding, 
and mutation rates on the survival of genes in the population or line. 
Dobzhansky's “ Genetics and the Origin of Species ” gives a 
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masterly account of this work relating to wild populations. One of 
the most interesting conclusions for the biologist is that " even if 
the environment is homogeneous for all colonies of one species, and 
selection and mutation rates are the same, and the initial composi¬ 
tion of the populations identical, the lapse of time will bring about 
a differentiation. This differentiation need not be of an adaptive 
kind. If the population size is small, favourable mutations may 
actually be lost and evolutionary changes may proceed against the 
pressure and direction of selection. In large populations, however, 
selection will act to an amount approximately proportional to its 
intensity/’ Whether the effect of mutation is perceivable in a 
population depends on the three quantities, size of population, 
intensity of mutation rate and intensity of selection. 


THE SPECIES PROBLEM 

A general survey of species from the genetical standpoint indicates 
that the change from one type to that of another is more frequent 
than was at one time thought. Hybridisation, factor mutation and 
structural alteration of the chromosomes in combination with 
polyploidy give great opportunity for variation. The fundamental 
nature of balance as the limiting factor of the extent to which change 
can take place is seen by comparison of the manner in which such 
genera as Antirrhinum , Creftis, Viola, Nicotiana, Pyrus and 
Drosophila have evolved. One species may be able to withstand the 
dropping out of a chromosome, while another may not. The 
progeny of hybrids between two species may have great variability 
while others may be relatively constant. A particular example of 
this difference in hybrids is seen in the contrast between the genetic 
behaviour of the hybrids N. Tabacum x N. sylvestris and N. 
rustica x N. paniculata. The variability can arise either as the 
result of genetic variability in the parental species or as the result 
of allosyndesis and chromosome change in the polyploid derivatives. 

The last ten years have seen a considerable change in the attitude 
expressed in the genetical literature upon the subject of species and 
their origin. The definition of a species is extremely difficult, and 
we must still rely upon the working classification of the taxonomists. 

Instead of it being easier, it is more difficult to define a species 
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at the present time than before. As Anderson (1928) points out, 
the delimitation of species of Iris differs from that of species of 
Aquilegia (Anderson and Schafer, 1931) primarily because of their 
different modes of life. In one, the principal means of propagation 
is vegetative while in the other it is sexual. The primary cytological, 
genetical and ecological behaviour of the species is even more 
important in delimiting species than the secondary physiological 
properties. Huskins pointed out that two species cannot be 
differentiated on their inability to form fertile F x plants as was 
formerly supposed. On one hand the F x hybrid between Raphanus 
and Bmssica is perfectly fertile. On the other hand, diploid and 
tetraploid plants of a single species may cross only with difficulty 
and the F,. plants so produced are nearly sterile. Indeed, one and 
the same plant of the tomato may have fertile diploid and tetraploid 
parts (see p. 163) which are practically inter-sterile. One race of a 
species may become practically sterile through segregation of a 
recessive factor which interferes with normal meiosis (Beadle (1930) 
in maize) or with pollen divisions (Beadle, 1931). Mendelian 
incompatibility factors in Nicotiana and cherries are further 
examples of sterility. 

Gordon (1936), Dubinin et al. (1934) (J. Exp. Biol), Timofeeff- 
Ressovsky, H. A. and N. W. (1927), with Drosophila ; Sansome and 
La Cour with Chorthippus and MelanUrium (Sansome, unpub.), have 
studied the survival and mutation rates of experimentally bred species 
after release in the wild. Dobzhansky (1937) {Drosophila), Anderson 
and Sax (1936) ( Tradescantia ), Simonet (1932) (Iris), Goodspeed 
(1933), East (1928,1935) (Nicotiana), Babcock andNavashin (1930), 

(Crepis), Clausen (1931a) (Viola), Miintzing (1930, 1932, 1932a, b, 
1938), Marsden-Jones and Turrill ( Centaurea), Brunn (Primula), and 
many others have shown conclusively that the taxonomic arrange¬ 
ment of species in a genus is, in general, a natural one. Further, 
cytogenetics and ecology have shown that the taxonomic criteria 
employed in species classification have a biological foundation 
and are not altogether arbitrary. Thus the taxonomist has 
isolated the constant and similar features from the dissimilar and 
variable features in different groups of individuals—a process which 
involves field study or its equivalent. These constant features are 
based on identical or homologous factors in the species of one group 
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(cj. Viola, p. 328). Hence the taxonomist has chosen the more 
actively selected features on which to base his classification and in 
so doing has analysed the results of genetical and ecological processes. 

The nature of these processes is, in our view, unknown. On the 
one hand, gene and chromosome change is prevalent in any organism 
either in the wild {Drosophila, Chorthippus, Mdandrium, Viola) or 
in cultivation (maize, pear, apples, Chrysanthemum). On the other 
hand analysis shows that old world and new world species of 
Crepis, Philadelphus, Plat anus, TriUcum and JEgilops show a 
constancy of chromosome and gene structure which is astonishing. 
The question is not as to how species arise but rather as to how a 
group of plants or animals remain similar and recognisable as an 
entity, variety or species. 

While phylogenetical relationships based on cytological simi¬ 
larities—karyotypes—-have been formulated in the past, it is 
necessary to reserve judgment on their validity in detail analysis. 
Greater gross chromosome structural differences can be found 
within races of D. melanogaster than between this species and D. 
similans (Dobzhansky and Tan, 1936). Further, these structural 
differences were mainly seen from studies on salivary gland chromo¬ 
somes. Metaphase plates, the usual object of study in plants only 
reveal the gross differences which we now know are less important 
than many small differences. 

The experiments mentioned above indicate that in order to 
analyse the more intricate species relationships in those genera 
which are known to be difficult, and to obtain a better understanding 
of the status of the species, it is necessary to combine field study 
with cultural and genetical experiments. An interesting case where 
from ecological and physiological points of view genetics has aided 
the elucidation of species relationships is that of Gregor and 
Sansome (1930) and Gregor (1931) in Phleum. The British Phleum 
pratense will not cross with the American Phleum pratense , but both 
will cross with P. alpinum from the mountains in Scotland. The 
forms of habit in the two varieties of P. pratense are parallel, and no 
reasons for separation of the ’ varieties from one another were 
apparent until an examination of the chromosome complements 
was made. British P. pratense had 14 chromosomes and was 
diploid, while the American pratense had 42 chromosomes and was 
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hcxaploid. P. alpinum had 28 chromosomes and was tetraploiri. 
Gregor hybridised P. pratense (2 n = 14) with P. alpinum (2 n - ■ ■ 28) 
and obtained a hybrid with 2r chromosomes. This hybrid gave 
4 viable seeds from about 500,000 flowers. These four seeds gave 
rise to plants with the hcxaploid number of chromosomes 2 n —* 42, 
which were cross-fertile with the American variety of P. pratense . 
Hence by outcrossing one variety of P. pratense to another species, 
a hybrid was obtained which was fertile with the other variety of 
P. pratense. It is believed by American botanists that P. pratense 
is not indigenous to America, but was introduced about the seven¬ 
teenth century from Europe, where P. alpinum and P. pratense are 
both found. It may be that these workers have repeated under 
controlled conditions the process by which the hcxaploid American 
variety was formed in nature. Similar species synthesis is probably 
that carried out by Miintzing in Galeopsis , where a form similar to 
G. Tetrahit was produced by hybridisation. 

Genera such as Crcpis , Galeopsis , Phlenm , Primula, Digitalis , 
Spartina, Nicotiana , Delphinium have furnished examples of the 
origin of new forms strictly delimited from the original parents. 
How these forms are established as ecological units is for the future 
to determine. The flora of Australia is of great interest in this 
respect, according to the late Professor A. A. Lawson. Here the 
endemic flora consists of well-defined isolated species, while the 
incursive flora is hybridising and giving rise to many new types, 
which are gradually driving the endemic plants to more restricted 
habitats. 

An insight into the methods by which species are delimited one 
from another by natural selection has also come with the accumula¬ 
tion of knowledge as to the manner of origin of species. From a 
study of these methods of delimitation it should be possible to 
obtain criteria for the natural classification of species. A species is 
produced and remains constant as a distinct form under the strict 
control of natural selection which acts not as a creative agent but 
as a choosing agent. 

The main processes in the evolution of a species are (x) creation 
of material on which selection may act; (2) isolation by geographical 
or physiological causes from related species; (3) selection of 

characters necessary for survival under the requirements of the 
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habitat in which the plant is placed. The first two processes 
do not require further attention at this point; they are dependent 
upon the genetical and cytological background of the species. 
The third process is one of environmental selection of the available 
characters provided by the first process. Naturally, the possibility 
of obtaining the ideal form to suit the environment depends on the 
results of process (i)—the production of new and heterogeneous 
material by quantitative or qualitative change. Ecology is the 
study of the third process. 

The importance of combined genetical, ecological and taxonomic 
work cannot be over-emphasised. Attempts have been made by 
various workers (Bonnier, Massert, Warming and Clements) to study 
the life of plants in their natural environments and under diverse 
conditions. Insufficient attention to the heritable constitution of 
the plants involved, however, impairs the value of their work. It is 
only by observing the reactions of a particular genetic constitution 
to different environments that the agents of natural selection and 
physiological isolation may be identified. Without the knowledge 
of the genetic constitution, variability of more than one plant of 
any species cannot be attributed to environmental influence alone. 
Turesson (1921-1931) in Sweden, Marsden-Jones and Turrill (1930), 
and Gregor (1930,1931) in Britain, and Anderson (1928) in America, 
are the pioneers in this combined ecological and genetical work 
termed gen ecology by Turesson (cf. Barton-Wright, 1932). Valuable 
work on interspersing known races of one species in different 
environments is being done in Russia by Sukatschew (1928) and 
Dubinin. 

The following discussion of Turesson’s work (1922, 1923) will 
indicate that taxonomic species ( linneons ) have a natural constancy 
and status which does not justify their abolition as natural units. 
Turesson transferred individuals of a number of plant species from 
various "localities in Sweden to the common environment of the 
experimental garden. Observations were made on the changes 
brought about during at least two years’ culture upon the mor¬ 
phology of the individuals, and breeding methods were used to 
show the genetic constitutions of the plants concerned. Wherever a 
different ecological type of environment occurred, such as cliffs, 
dunes, etc., along the coast of Sweden it was found that there was 
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a genetically distinct variety of the species which was suitable for 
the environment. For example, the zone between the cliff and dune 
regions contained a population of plants consisting of individuals 
of the neighbouring regions together with hybrids between them. 
Seeds and plants of species, such as Hieracium unibellatum , Cen¬ 
taur ea jacobea, Atriplex spp. and many others were collected and 
studied in culture. It was found that the distinct characteristics of 
a population from the different ecological habitats retained their 
distinguishing features to such an extent that Turesson could say, 
by examination of the plant, from which district and which habitat 
it came. In many cases these characteristics were shown to be 
inherited. When hybrids were made between two plants from 
different habitats the heterogeneity of the progeny resembled that 
of the wild population found in the intermediate zones between two 
definite ecological habitats. 

It was sometimes found that the characteristics of the population 
from one extreme habitat were accentuated under cultivation 
(breadth of leaf in Hieracium umbellatum ), while in others the 
population that appeared uniformly dwarf in the wild varied in 
heritable habit and height differences when under culture. The 
explanation, of course, is that the response of a certain genetic 
constitution to the selective action of environment is different in 
different plants. A factor for dwarf ness and its allelomorph for 
tallness may not have a great range in character expression in one 
species, while in another species the variability of the .expression 
may be great. Hence, in the first case, selection of the phenotype 
will adversely affect one factor, while in the second case, where the 
phenotypic range of one genotype is great, the differential selection 
between two factors will be less intense. 

The attempt, however, to interpret the correspondence between 
habitat and habitat-type of the inhabitants as an adaptational 
process must be carefully analysed in order to avoid too great a 
generalisation. It is evidently the genotypical constitution of the 
plant which determines its survival in any habitat. In what 
manner does a suitable genotype come to be present in a particular 
habitat for which it is entirely suitable ? For example, the prostrate 
form of Hieracium umbellatum , which is found on the stationary 
beaches, is not found on the neighbouring moving dunes where it 
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is replaced by a form with much stronger shoot regeneration 
(probably being more able to resist being covered by moving 
sand). It is not necessary in this book to give further evidence that 
the environment does not directly create suitable characters 
(inheritance of acquired characters). 

In some parts of Sweden the dune type of plant is not present, 
although the less specialised inland form is present, while in other 
districts the dune type is found. Evidence from plants gathered 
from several different habitats in one region of Sweden indicates 
that they are related to one another since they possess several 
characters in common, such as leaf shape, which are not of primary 
ecological importance. 

Thus we are driven to the conclusion that varieties suitable for 
survival in an extreme habitat are selected out of the population 
of the immediate undifferentiated regions. 

The population of a cliff in one district has descended from the 
population of inland plants in the neighbourhood and has not 
migrated from a cliff in a different district. This view is entirely 
opposed to the well-known migration theory but is closely similar to 
an older theory of polygenesis and can be extended to many 
examples of geographic distribution. As a result of.this analysis of 
wild populations the linneon has been split up into smaller ecological 
units, each based on genetical considerations. These units in many 
cases may correspond to the biotypes of Jordan (1905), or the 
Hagedoorns (1921). Nevertheless we feel, as Turesson does, that 
to limit the term “ species ” to such biotype units is to strip the 
species linneon of its characteristic quality, that of being able to 
react genotypically to a wide range of ecological requirements 
without losing its general common morphology. 

The discovery of the biotype or separate genotype has provided 
a basic unit from which to build up a composite structure, the 
linneon , but it has not destroyed the value of the Linntean species. 
We are therefore of the opinion that a real biological basis founded 
on the combined use of ecology and cytogenetics can be provided 
for the species of the taxonomists. Indeed, the most recent work 
in genetics has shown that the Linncean species is a more 
fundamental unit than shown by its external characters, its chromo¬ 
some structure or gene content. In other words, the evidence from 
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taxonomy, paleobotany, morphology, cytology and genetics agrees 
in establishing species and higher groups in a natural relationship. 
But it would appear that although genetics can proceed further in 
the analysis than other branches, the nature of the stability of the 
species as a genecological entity is still unknown. Possibly the key 
to the situation is the unknown actions of natural selection. It is 
essential that more experimental work of the type begun by 
Dubinin and his co-workers, Babcock, Gordon, Sansome andLaCour, 
Nabours and Philip, must be done to discover how far our theories 
regarding selection are sound. 
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Cytologia. 


Linkage 

Calculation. limner (1930). Mather (1938), Methuen. De Winton and 
Haldane (1935). Maps and groups. Drosophila melanogaster (p. 98). 
D. pseudoobscura , Tan (1936), Genetics ; (1937),/. G .; Crew and Lamy (1935), 
j. G. ; Lathyrus, Punnett (1927). Lycopersicum, MacArthur (1934). 
Pharbitis , Imai (1929, 1931). Pisum sativum, Winge (1936), Trav. Carlsberg 
Lab. Primula sinensis, de Winton and Haldane (1935). Zea , Emerson, 
Beadle and Fraser (1935). 

Time of Division of Chromosome 

Darlington (1935), Proc. Roy. Soc. 118. Goodspeed, Uber and Avery (1935)’ 
Univ. Calif. PM. 18. ITuskins (1932), Trans. Roy. Soc. Can. Huskins and 
Smith (1935, 1934), /• G. Kuwada and Nakamura (1935), Cytologia. Nebel 
(1932), Zeii. f, Zell. Mikr. Anat. Ruttle and Nebel (1937), Cytologia. Sax and 
Sax (1935), /. Am. Arb. Stebbins (1935)» Am. Nat. Dermen (1936), /. 
Arnold. Arbor., McClintock (1938). 

Chromosome Structure 

Huskins (1937), Cytologia. Kuwada (1938), Cytologia. Matsuura (1938), 
Cytologia. Sax (1936), Genetics. Wrinch (1936), Protoplasma. 

Nucleolus and Constrictions 

Beadle (1933) Cytologia (Zea). Chen (1936), P.N.A.S. (Protozoa). 
Fernandes (1936), Bol. Soc. Broterium (Narcissus). Heitz (i93*)> Planta. 
Lesley and Lesley (1935) (Lycopersicum). Levan (1936), Hereditas (Allium). 
Matsuura (1938), Cytologia (Trillium). McClintock (1934)* n - Anat. 

(Zea), Richardson (r035). (Crepis). Smith (i933)> Am. J. Bot. 
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Method of 

Drosophila , Anderson (1935) > Beadle (i 935 ) (attached X), Genetics Beadle 
and Emerson (1935), Genetics. Zea, Brink and Cooper (1935), Creighton and 
McClintock (1931"), McClintock (1931). Rhoades (1935). Mathematics. 
Charles (1936), J. G* ; Mather (1937) > Schweitzer (1935), Genetics ; Steinberg 
(1935), Genetics . 

Somatic. Peto (i 935 )> Stern (1936), Jones (193% P.N.A.S. In male 
Drosophila. Friesen (1934), Central. ; Kikkawa (1933)1 Proc. Nat. 

Acad. Tohio; Moriwaka (1935), Proc. Nat. Acad. Tohio ; Philip (1935), 
J. G. ; Whittinghill (1937), Genetics. In female Drosophila. Whittinghill 
(1938), Genetics, Abstract. 

Cytological results of Crossing-over 

Zea , McClintock (193 la, 1933, 1938) (see pp. 88, 254). Trillium, Smith 
(1935), J. G. Lilium (Richardson (1936), J. G. 

Crossing-over at pre-meiotic divisions or in somatic tissue 

Friesen (1936). Muller (1916), Am. Nat. Patterson and Suche (1934), Am. 
Nat. Shull and Whittinghill (1934), Science. Stern (1938), Genetics. 
Whittinghill (1937). Philip (1935)» J- G. See also Ring Chromosomes. 

Chromatid Segregation 

Datura, Blakeslee and Avery (1934). Dahlia, Lawrence (1931). Ly coper- 
sicum, Sansome (1933), Lesley (1937). Primula sinensis, de Winton and 
Haldane (1935). Rubus, Crane and Darlington (1932). Zea, Rhoades (1933). 

Salivary Gland Chromosomes in Genetics 

Bridges (1938), J. Hered. Dobzhansky and Sturtevant (1934). Roller 
(1936), /. G. Dobzhansky and Tan (1936), Z.I.A.V. Mackcnsen (1935), ,/• 
Hered. Painter (1935), Genetics. Tan (1935), Genetics . 

Structural Changes 

Allium, Levan (1936), Hereditas ; Emsweller and Jones (1938), Dot. Gas. 
Avena, Philp (1933, 1938). Briza, Kattermann (1938), Planta. Brodicea, 
Smith (1933), P.N.A.S. Campanula, Gairdner and Darlington (1931). 
Crepis, Miintzing, A. (1934). Datura, Belling, Blakeslee, Satina, Avery 
(1925-1938). Drosophila, Dobzhansky (1929-1932, 1934, *937), J • G.; 
Dobzhansky and Dobzhansky (1933) (“Bobbed' 1 ). Dobzhansky and Tan 
(1936), Z.I.A.V. ; Friesen, H. (1935) ; Hoover (1938), Z.I.A.V . ; Gcrshcnsen 
(1933) (inert regions); Painter (1934), Genetics', Roller (1936), /. G. ; Offer- 
mann (1936) (branched chromosomes); Patterson,Wilson and Bcdischek (1935), 
Genetics. Godetia, H&kanssen (1925, 1931), Hereditas. Gsnothera, sec pp. 264- 
296. Matthiola, Philp and Huskins (1931)1 Armstrong and Huskins (1934) 
Petunia, Malinowski (1935), Genetics. Pisum, Hcikanssen (1936) ; Nilsson, E. 
(i 935 )» Hereditas, 21 ; Sansome (1929,1932, i933> 1938, and in press) ; Sutton 
(i 935 )> Ann. Bot. Polemonium, Clausen (1931), Hereditas. Rhoeo discolor, 
Darlington (1929). Tradescantia spp., Darlington (1929), Anderson and Sax 
(1936). Trillium, Smith (1935), /• G. Triticum, Smith (1936), Am. Nat., 
abs. ; Ellison (1938), J. G. Tulipa, Upcott and La Cour (1936), J. G. Zea, 
Anderson and Clokey (1934), Am. Nat. ; Burnham (1930) ; Brink and Cooper 
(1932) ; Emerson (1921, 1924) ; Randolph. (1932) (from heat) ; Rhoades 
(i 933 rt » l } ), McClintock (1930, 1931, 1933, T 938). Zebrina pendula, Darlington 
(1929). 
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Deficiencies and Duplications (genetically analysed) 

Drosophila, " White,” Mohr (1923). " Yellow achsete,” Muller (1935), J. 

Hered; Demerec and Hoover (1936), J. Hered. ; Stern (1935), P.N.A.S. 

Scute/ Sturtevant and Beadle (1936), Genetics. “ Roughest,” Emmens 
(1937), /• O- “ Facet,” Oliver (1937), Am. Nat. 

Zea, Stadler (1935), McClintock (1933, 1938). 

Inversions 

Drosophila pseudoobscura , Dobzhansky and Sturtevant (1938), Griineberg 
( 1935 . 1937 ), Hoover (1938), Z.l.A.V. ; Steinberg (1936), Sturtevant and 
Beadle ( 1935 )* Fritillaria, (Frankel (1937), Vida , Mather (1934). Zea 
McClintock (1931. 1933 )- Lilium, Richardson (1936), J. G. Trillium, Smith 
( 1935 )* Tulipa, Stone (i 933 )> Upcott ( 1937 ). /■ G. Crepis , Miintzing (1934).' 

Ring Chromosomes 

Crepis , Navashin (i 93 °)> Univ. Calif. Pub. Agri. Soc., 6. Drosophila , 
Morgan, L. V. (1933), Genetics. Pisum, Atabekowa (1936), J. Biol. U.S.S.R. 
Tradescantia, Husted (1936), Genetics. Trillium , Huskins and Hunter (1935), 
Proc . Roy. Soc. Gr. By. Tulipa , Upcott (1937), J • G. Zea, McClintock (1932, 
1933, x 938), McClintock and Rhoades (1932). 

Pairing in structural heterozygotes 

Dobzhansky (1931, i 933 #> i 934 < 0 - Beadle (1931), Dobzhansky (1936), 
Kozhenikov (1936). McClintock (1931, 1933), Darlington (1937). 


Polyploidy 

Origin of 

In a race (maize), Avdulov (1935), Full. Appl. Bot. and Gen. II. Acer (3), 
Meurman (1933). Banana (3), (4), Cheesman (1932). From twin seedlings, 
Miintzing (1937), Cytologia. Populus , Muntzing (1936), Hereditas. Potentilla, 
Miintzing (1931), Hereditas. Rumex, Ono (1935). 

Colchicine 

Blakeslee and Avery (1937), Dermen, J.Hered. (1938) I Demerec (1938), J. 
Hered ; Levan (1938), Hereditas ; Nebel and Ruttle (1938). 

Heat 

Barley, Miintzing, Tometorp and Mundt-Petersen (1936), Hereditas. Maize, 
Randolph (1932, 1935), Wheat, Dorsey (1936), J. Hered. Rhoeo, Sax (193b), 
J. Am. Arb. 

Size 

Cultivated Autopolyploids 

See Miintzing (1933, 1936). 

Citrus, Frost (1926) (lower vigour). Crepis, Navashin (1929). Zea> 
Eyster (1934), Randolph (1935)* Pineapple, Collins and Kerns (1935). Rice* 
Ramiah Parthasarthy and Ramanujam (1935), Proc. Ind. Acad. Set. 

Wild Autopolyploids 

Crocus , Kararava (1932). Populus , Miintzing (193b), Hereditas. Thca , 
Kararava (1932). Tradescantia, Anderson and Sax (1936). Rice > Ramiah, 
Parthasarathy and Ramanujam (1935), Ind. Acad , Sci. 
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Autopolyploids. 

Physiology. 

Lycopersicum, Faberg6 (1936) (growth and variability). Apples, plums, 
pears, Crane (1936) (longer juvenile period). Citrus , Frost (1926) (slow to 
flower). Tradescantia, Anderson and Sax (1936) (longer (lowering period). 

Distribution in wild 

Hagerup (1928), Tischler (1935), Miintzing (i<) 3 (> )* Solatium, Brassica, 
Schlosser (1935) (less winter-hardy and lower osmotic pressure) ; 
Karpechencko et al (1935), Bull. App. Bot. U.S.S.R. 

Syndiploidy 

Acer, Meurman (1933). Anthoxanthum odoratum (4), Kattcrmann (1,931). 
Chrysanthemum ornatum , Shimotomai (1931). Kniphofui, Moffett (1932). 
Crepis tectorum, Navashin (1926) (500 chromosomes in one cell). Crepis 
haploid, Hollingshead (1930). Datura haploid, Blakeslee and Avery (1937). 
Lycopersicum esculentum , Lindstrom and Koos (1931) (Haploid). Nicotiana 
haploid, Ruttle (1928). Prunus avium , Darlington (1930). Raphanus - 
Brassica, Karpechencko (1937). Triticum x JEgilops, Kihara and Lilienfeldt 
(1934). Zea, McClintock (1929) (pollen), Beadle (1933). 

Output of Triploids 

Allium, Levan (1936), Hereditas ; McClintock (1929). Datura, Satina and 
Blakeslee (1937). Hemerocallis, Dark (1932), New Phyt. Hyacinthus, Stone 
and Mather (1932). Lycopersicum, Lesley (1926).' Narcissiis, Nagao (1935), 
Jap. J. Genetics. Petunia, Dermen (1931), Am. J. Bot.. Scilla, Tradescantia, 
Darlington (1926, 1929). Solarium, Miintzing (1933), Hereditas. TuRpa, 
Darlington and Mather (1932). 

Monosomies 

Aneuploids 

Wheat, Avery (1929) ; Clausen (1931), Am. Nat. Nishiyama (1933 )>J a P- 
J. Genetics ; Powers (1932), /. Agr. Res.', Nicotiana, Clausen and (!Godspeed 
(1926); Goodspeedand Avery (1933), Genetics ; H&kansson (1932 ), Hereditas; 
Lammerts (1932) ; Olmo (1935). 

Haploids 

From heat. Randolph (1932). Crepis , Hollingshead (1930), Univ. Calif. 
Pub. Datura, Satina, Blakeslee and Avery (1937). Kappcrt (1933), 

Biol. Zent, Gossypium, Harland (1936), J. Hered. 

Twin Seedlings 

Haploids. Cotton, Harland (1936), J. Hered.. Flax, Kappert (1933), Biol. 
Zentral. Datura, Satina, Blakeslee and Avery (1937). 

Polyploids. Gramineac. Miintzing (1937), Cytologia . 

Heterosis 

Ashby (1930-1935), Ann. Bot. Powers (1935). Sax (1923). Sirks (1925, 
1932 ),Genetica. Wexelsen (1934). Luckwill (1938), Arm. Bot. East (1937), 
Genetics. 


Incompatibility 

Stout (1938), Bot. Rev. ; Sears (1937), Genetics ; Anderson and de Winton 
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(i 935 )- Antirrhinum , Brieger (1935), J. G. ; Gruber and Waldenburg (1937), 
Z.I.A.V. Nicotiana , Brieger (1935), J, G. (Enothera, Emerson (1938), 
Genetics. Brassica, Alam (1936), J. G. Petunia , Wergin (1936), Z.I.A.V. 
Reseda, Eigsti (1937)> Abstr . Genetics. Capsella , Riley (1936), Genetics. 

Species Relationship 

Aquilegia, Anderson and Schafer (1931). Crepis , Avery (1930), Babcock 
(1930-1936), Babcock and Navashin (1930), Babcock and Cameron (1934), 
Babcock and Emsweller (1936), Babcock and Cave (1938), Z.I.A. V. ; Navashin 
(1931). Dahlia , Lawrence. Drosophila, Dobzhansky (1935) ; Dobzhansky 
and Tan (1936), Z.I.A.V.; Dobzhansky and Beadle (1936), Genetics ; 
Dobzhansky and Sturtevant (1936)!; Sturtevant and Tan (i 937 )> /• G. • Tan 
( I 93 ^)» Z.I.A.V. Nicotiana , East (1937), Genetics. Secale-Triticum, Aase 
(i 93 °)* Tradescantia, Anderson and Sax (1936), Bot. Gaz. Triticum- 
Mgilops, Kihara (1931, 1935 ). Kattermann. Triticum-Secale, Kattermann 
(i935)i Z.I.A.V. ; Ledingham and Thompson (1938), Cytologia. Zea - 
Euchlcena, Beadle (1932), Genetics ; Mangelsdorf. Iris, Simonet (1935). 
Tulipa, Upcott and La Cour. 

Oats, Wheat and Barley—Genes 

Akerman (1922), Hereditas, 3, 147-176. Arciszewski (1924), Rev. in 
Resumptio Genetica, 2, 80. Ausborn (1924), Zte. Pfianzenzucht , 10, 1-8. 
Biffen (1905). /• Agri. Sci., 1, 4-48, 1, 250-257; (1906), Proc. Camb. Phil. Soc., 
13, 304-308; (1907), J. Agr. Sci., 2, 183-207. Blaringhem (1909), C.R. 
Acad. Sci. Paris, 148, 854-857; (1921a), Ann. Sci. Agri. France et Etrang, 38, 
177-230 ; (19216), C. R. Acad. Sci. Paris, 173, 1396-1398 ; (1922), C.R. Acad. 
Sci. Paris, 175, 230-232. Caporn (1918a), J. G., 7, 247-257; (1918), /. G., 7, 
259-280. Clark (1924), jfAgric. Res., 29, 1-47. Collins (1927), J. Hered., 18, 
33 I “ 334 * Cooper (1923), J. Amer. Soc. Agr., 15, 15-25. Engledow (1914), 
Proc. Phil. Soc., 17, 433-435.; (19206), J. G., 10,93-108 ; (1924), J. G., 14, 
49-87. Fraser (1919), Cornell Univ. Agr. Exp. Stat. Mem., 23 , 635-676. 
Gaines (1917), Wash. Agr. Sta. Bull., 135, 3-61. Garber (1922a), J. Hered., 13, 
40-48 ; (19226), Minn. Agr. Exp. Stat. Tech. Bull., 7, 5-62. Garber, Giddings 
and Hoover (1928), Sci. Agri., 9, 103-115, Garber and Quisenberry (1928), 
W. Virginia Agr. Exp. Sta. Bull., 217, 47. Griffie (1925), J. Agr. Res., 30, 
915-935 ; Hara (1929), J. Sci. Agri. Soc. Japan, 318, 217-222. Harrington 
(1922), Sci. Agri. Canada, 2, 319-324. Harrington and Aamodt (1923), 
J. Agr. Res., 24, 979-996. Hayes and Aamodt (1923), /. Agr. Res., 24, 979- 
996. Hayes and Aamodt (1923), J. Agric.Res., 24,997-1012. Hayes,Griffre, 
Stevenson and Landen (1928), J. Agr. Res., 36, 437-457. Hayes, Grifide, 
Stakman and Christensen (1923), Minn. Agri. Exp. Stat. Bull., 21, 1-47. 
Henkemeyer (1915), Jour. Landw., 63, 97-124. Howard and Howard (1912), 
Mem. Dep. Agr. India, 5, 1-47 ; (1915). Mem. Dep. Agr. India, 7, 273-285. 
Kajanus (1911), Bot. Notis., 293-296; (19136), Zts. Pfi. Zucht., 1 , 13-14; 
(1918a), Bot. Notis., 235-244; (19186), Bot. Notis., 245-247; (19236), Here¬ 
ditas, 4, 290-340. Kajanus and Berg (1924), Hereditas, 5, 287-296. Kalt 
(1916), Z. Pfi. Zucht., 4, 143-150. Kezer and Bozack (1918), Colorado Agri. 
Exp. Sta. Bull., 249, 1-139. Kiessling (1918a), Z.I.A.V., 19,i 45-*59 ; (19186) 
Z.I.A.V., 19, 160-176. Kostoff (i937)> Current Science . Kostoff (i 937 b 
P. Ind. Acad. Set. Malinowski (1914), Bull, Int. Acad. Sci. Cracovie, 3, 410— 
450. Mall (1912), Deutsch Landw. Presse, 39, 2-3, 205-206. Mayer-Gmelin 
(1917), Cultra, 29,140-158. Meunissier (1918), Bull. Soc. Nat. Acclimat., 1-31. 
Meurman (1926), Zt. Pf. Zuch ., 12, 1-9 • Meyer (1925), /• /• Landw., 73, 
241-304. Miyake and Imai (1922), Bot. Mag. Tokio , 36, 25-38. Miyazawa 
(1921), J. Journ. Gen., 1, 9-12. Nilsson-Ehle (1908), Bot. Notis, 257-294 ; 
(1909), Lund. Univ. Arsk, 5, 1-22 ; (1911a), Lund Univ. Arsk, 7, 84 ; (19116), 
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Bey. d. deutsch . bot. Ges., 29, 65-69; (1913), Z.I.A.V ., 9, 289-300; (1920), 
Hereditas, 1, 277-311; (1922), Hereditas, 3, 191-199. Norton (1907), ^ww. 
Rep. Am. Breedg. Assoc., 5, 280-285. Gdland (1928), IFcstf Virginia Agr. 
Exp. Stat. Bull., 219, 50. Olson, Schafer, McCall and Hill (1920), Wash, 

Sta*. Bull , 155. Park (1923), Rcc., 26, 384. Quiesenberry (1926), 

West Va. Agr. Exp. Stat. Bull., 202. Shiemann (1923), ZJ.A. V., 30, 293-296 ; 
(1925), Z.I.A.V., 37, 139-209. Smith and Harrington (1929), /. Hered., 20, 
19-22. S6 (1921), Jap. J. Gen., 1, 21-36. Stoll (19x0), Deutsch Landw. 
Presse, 144; Strauss (1914), Dissert. Gdttingen, 8, 38. Surface (1916a), 
P.N.A.S., 2, 478-381 ; (19166), Genetics, 1, 252-286. Takahasi (1924), Jap, J, 
Genetics, 3, 22-28. Thatcher (1912), Proc. Soc. Prom. Agri, Soc., 33, 37-50. 
Tschermak (1901), Z. Landw. Versuchsw, (Estr., 1029-1061. IJbisch (191C), 
Z.I.A.V., 17, 120-152 ; 1919, Z.I.A.V,, 20, 65-1x7 ; (1923), Ber, d. deautsch. 
hot. Ges., 41, 79-84. Vestergaard (19x4, 1915), 'lids. Landh. Plant, 21, 22. 
Wiebe (1924), J. Hered., 15,221-224. Wilson (1904), Nature, 69, 4*3 ; (1907), 
J. Agri. Soc., 2, 68-88 ; Zinn and Sui'face (19x7), J. Agri. Res., xo, 293-312. 

Dorsey, E. (1936), J. Hered. (wheat-rye). Elorell (1936), J, Agri. Res . 
(wheat-rye). Kostoff (1936), Z. Zucht (polyploids). Percival (X936), Han. Bot. 
(wheat-rye). Wakakuwa (1934), Jap. J. Bot. (embryo). Boyes and Thomp¬ 
son (1937) (embryo). 

Maize : References not included in Bibliography 

Bregger (1918), Am. Nat., 52, C, wx. Brewbaker (1930), J. Agr * Res., 40, 
si, Bn, gl. Brink (1935), /. Hered., Mn. Brink and Senn (1931), J. Hered., 
Rg, Ajl, Ts 4 , D x . Brunson (1924), Cornell Univ. Mem., 72, pale green seed¬ 
ling. Emerson (1921), J. Hered., 12, Cr. ; (1923), Cornell Univ. Mem., 70, bl. 
Eyster (1924), J. Hered., 15, pk. ; (1929), Z.I.A.V., 49 ; (1931a), /. Hered,, 22, 
ms 2 ; (1931&), J. Hered., 22, re ,* (1931c), J. Hered,, 22, ms 3 . Fraser (1924), 
J. Hered.; 15. Hutchinson (1921), J. Hered., 12, sp. Jones, D. F. (1920), 
J. Hered., 11. Kvakan (1925), J. Hered,, 16 . Li (1931), /. Hered., 22. 
Phipps (1928), J. Hered., 19, ts 4 . Singleton and Jones (1930), J. Hered., 21, 
ms. Kempton (1922), Am. Nat., 56, ad, br. Overbeek (1938), J. Hered., 29, 
339“34i 1 la and hormones. 


Datura 

R6sum6s. Blakeslee (1930), U.S. D. Agric. Yearbook, Sep., 1605, p. 1, 
Smithsonian Report; (1934-38), Ann. Reports, Carnegie Inst. Wash . 

Structural changes. Blakeslee, Bergner, Avery (1936), Am. Nat . ; (1933), 
P.N.A.S.. Bergner, Satina, and Blakeslee (1933), P.N.A.S, D. discolor, 
Bergner and Blakeslee (1935), P.N.A.S. 

Pollen. Buchholz, Williams, Blakeslee (1935), P.N.A.S. Buchholz, 
Blakeslee and Avery (1935), P.N.A.S. Buchholz and Blakeslee (1936), 
Genetics (radium). ' 

Genes and mutants. Bergner, Cartledge and Blakeslee (1934), Cytologia. 
Cartledge, Murray and Blakeslee (1935)/ P.N.A.S. (old pollen). Cartledge and 
Blakeslee (i 935 )> Science (old seeds). Cartledge, Barton and Blakeslee (1936), 
P.N.A.S. (heat, moisture). Blakeslee and Avery (1934), J . Hered . (Genes). 
Blakeslee, Bergner and Avery (1937), Cytologia (distribution). Buchholz, 
Doak and Blakeslee (1938). 


Cotton 

Cytology. Davie (i 935 )> Genetica. Emme (1932), Zuchter, Eerg (1935), 
Bot.Gaz. Genetics. Harland, Biblio. Genet. (1932); J.G.( 1933, 1935, X937). 
Hutchinson (1932), J. G. Skovsted (1935). /. G. ; (1937) /• 0 . Webber, 
J. Agr . Res. (1934* * 935 ) • Hutchinson and Ghose, /. G, (1937). Hutchinson 
and Godhari, J. G,, (1938). 
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CEnothera 

Cleland (i 937 )> P*A. Phil. Soc. (complex relationships) ; (1936), Bot. Review 
(complex relationships); (1935), P. A. Phil. Soc. Catcheside (1936), J. G. 
(trisomics) (i 935 » x 937) ; Genetica (X-rays) ; (1933), Genetica (trisomics) ; 
(1 933 ). /• G., (complexes). Cleland and Brittingham (1934), Genetics (crossing- 
over). Darlington (1936), J. G. (crossing-over). Emerson (1936), J. G., 
(Enothera praticola. Ford (1936), J. G. (disjunction). Gates and Wandi 
(i935)» PhilTrans. R.S. (trisomics). Hedeyatullah (1933), P.R.S.. Verbrugge 
(1934), Ann. Bot., 0 . rubricalyx crosses. Marquardt (1937), Z. Zellf. u. M. 
Anat. (meiosis). 


Variegation and Mosaicism 

Inert regions, Schultz (1936). Barley, Imai (1936). Eversporting, 
Roelofs (1937) * Genetica. Fern, Andersson-Kotto (1930). Drosophila, 
Schultz and Dobzhansky (1934), Genetics. Zea, McClintock (1938). 

Chimaeras 

Pelargonium. Ufer (1936), Z.I.A.V. ; Bateson (1919, 1921) ; Baur (1908) ; 
Chittenden (1927) Correns (1927), Z.I.A.V. ; Krenke (1933) ; Noack (1930), 
Z. f. Bot. ; Roth (1927). 

Cytological. Iberis, Allium, Biscutella, Manton (1935&). Crepis, Hollings- 
head (1928). 



BIBLIOGRAPHY 


Aamodt, 0 . S. (1927), Breeding wheat for resistance to physiologic forms of 
stem rust. Jour, Amer . Soc, Agron., 19 , 206-218. 

Aase, Hannah C. (1930), Cytology of Triticum, Steak and Mgilops hybrids 
with reference to phylogeny. Res. Studies, State Col. Wash., 2, 3-60. 

Agol, H. (1931), Step allelomorphism in Drosophila mdanogaster. Genetics, 
16,254-266. 

Akerlund, E. (1928), Hint Melandrium- Hermaphrodit mit weiblichen 
Chromosenbestand, Hereditas, 10 , 153-150* 

Akerman, A. (1921a), Untersuchungen liber Bastarde zwischen Epitobium 
hirsutum und Epilohium montanum . Hereditas, 2 , 99-112. 

Akerman, A. (19216), Undersokningar rorande flyghavrelika mutationer i 
vanlig odlad havre. Sveriges Utsadesfor, Tidskr,, 31 , 266-268, 

Akerman, A. (1927), Weitere Studien iiber Speltoidchim&ren bei Triticum 
vulgare. Hereditas, 9 , 321-334. 

Allen, C, E. (1917), A chromosome difference correlated with sex differences 
in Sphcerocarpos, Science, N.S., 46 , 466-467. 

Allen, C. E. (1919), The basis of sex inheritance in Sphcerocarpos . Pm. 
Amer. Phil. Soc., 58 , 289-316. 

Allen, C. E. (1924a), Inheritance by tetrad sibs in Sphcerocarpos. Proc, Amer. 
Phi. Soc., 63 ,222—234* 

Allen, C. E. (19246), Gametophytic inheritance in Sphmocarpos. I. Intra- 
clonal variation, and the inheritance of the tufted character. Genetics, 

9 , 530-587. 

Allen, C. E. (1925), Gametophytic inheritance in Sphcerocarpos . It. The 
polycladous character. Genetics , 10 , 1-16. 

Allen, C. E. (1926a), The transmission of the vegetative character in Sphmo¬ 
carpos. Proc. Amer. Phil. Soc., 65 , 83-89. 

Allen, C. E, (19266), The direct results of mendeiian segregation. Proc, Nat, 
Acad, Sci., 12 , 2-7. 

Allen, C. E. (1930), Gametophytic inheritance in Sphcerocarpos, IV. Further 
studies in tuftedness and polyclady. Genetics, 15 , 150-188, 

Allen, C. E, (1930), Inheritance by tetrad sibs in Sphcerocarpos, Proc , Amer, 
Phil Soc., 63 , 223-235. 

Allen, I. M. (1924), The cytology of Matthiola incana with reference to the 
genetics of certain cultivated varieties. New Phyt., 23 , 103-112. 

Ames, L. M. (1934), Hermaphroditism involving self-sterility and cross¬ 
sterility in the Ascomycete Pleurage anserina. Mycologia, 26 , 392-414. 

Anderson, E. (1924), Studies in self-sterility. VI. The genetic behaviour of 
cross sterility in Nicotiana. Genetics, 9 , 13-40. 

Anderson, E. (1928), The problem of species in the northern blue flags, Iris 
versicolor L. and Iris virginica L. Ann. Miss, Bot. Gdn 15 , 241-332. 

Anderson, E. G. (1935), Chromosome interchanges in maize. Genetics , 20 , 
70-83. 

Anderson, E., and Sax, K. (1936), A cytological monograph of the American 
species of Tradescantia. Bot, Gaz., 97 , 433-476. 

Anderson, E., and Schafer, B. (1931), Species hybrids in Aquilegia . Ann, 
Bot., 45 ,639-646. 

356 



BIBLIOGRAPHY 


357 

Anderson, E., and de Winton, D. (1931), The genetic analysis of an unusual 
relationship between self-sterility and self-fertility in Nicotiana . Ann. 
Miss. Bot. Gdn., 18, 97-116. 

Anderson, E., and de Winton, D. (1935), The genetics of Primula sinensis ; 
IV. Indications as to the ontogenetic relationship of leaf and inflorescence. 
Ann. Bot., 49, 671-688. 

Anderson, E. G. (1921), The inheritance of salmon silk colour in maize. N.Y. 
Cornell Mem., 48, 539-554. 

Anderson, E. G. (1923), Maternal inheritance of chlorophyll in maize. Bot. 
Gaz., 76, 411-418. 

Anderson, E. G. (1924), Pericarp studies in maize. II. The allelomorphism of 
a series of factors for pericarp colour. Genetics , 9, 422-453. 

Anderson, E. G. (1925), Crossing-over in a case of attached X-chromosomes in 
Drosophila melanogaster. Genetics, 10, 403-417. 

Anderson, E. G., and Emerson, R. A. (1923), Pericarp studies in maize. 

I. The inheritance of pericarp colours. Genetics, 9, 466-476. 

Anderson, E. G., and Emerson, R. A. (1931), Inheritance and linkage 
relations of chocolate pericarp in maize. Amer. Nat., 65, 253-287. 
Anderson, E. G., and Eyster, W. H. (1928), Pericarp studies in maize. III. 
The frequency of mutation in variegated maize pericarp. Genetics , 13, 
111-120. 

Andersson-Kott6, I. (1923), The genetics of variegation in a fern. J. G., 13, 
1-12. 

Andersson-Kott6, I. (1927), Note on some characters in ferns subject to 
mendelian inheritance. Her edit as, 9, 157-168/ 

Andersson-Kotto, I. (i93o)> Variegation in three species of ferns ( Polystichum 
angulare, Lastrcea atrata and Scolopendrium vulgare). Z.I.A.V., 56, 
115-201. 

Andersson-Kott6, I. (1931), Genetics of ferns. Bibliographia Genetica, 8, 
269-294. 

Andersson-Kott6, I. (1936), On the comparative development of alternating 
generations, with special reference to ferns. Svensk. Bot. Tid., 
30, 57-78. 

Anthony, S., and Harlan, H. V. (1920), Germination of barley pollen. Jour. 
Agr. Res., 18, 525-527. 

Armstrong, J. M., and Huskins, C. L. (1934), Further studies on the cytology 
of Matthiola incana. J.G., 29, 29-50. 

ARNason, T. J. (1936), Cytogenetics of hybrids between Zea Mays and 
Euchlana mexicana. Genetics, 21, 40-60. 

Ashby, E. (1930), Studies in the inheritance of physiological characters. 

I. A physiological investigation of the nature of hybrid vigour in maize. 
Ann. Bot., 64, 457-467. 

Ashby, E. (1932), Studies in the inheritance of physiological characters, III. 
Ann. Bot., N.S., 1, 11-42. 

Ashby, E. (1932), Studies in the inheritance of physiological characters, II. 
Ann , Bot., 46, 1007-1032. 

Ashby, E. (1937&), The physiology of Heterosis. Amer. Nat., 71, 514-520. 
Ashby, E, (1937c), Heterosis and the inheritance of quantitative characters. 

Proc . Roy. Soc., Ser. B., 123, 431-441. 

Asseyeva, T. (1928), Bud mutations in the potato and their chimerical nature. 
/. G., 19, 1-26. 

Asseyeva, T., and Nicol^eva, N. (1935), Genetische Natiir der F&rben von 
Korollen, Keimen und Bluten bei der Kartoflel. Arb. Wissensch. Inst. 

J. Karhoff, Moscow. 

Atkinson, G. F. (1916), Sorting and blending of " unit characters ” in the 
zygote of CEnothera with twin and triplet hybrids in the first generation. 
Z.I.A.V., 16, 193-238. 



BIBLIOGRAPHY 


358 

Atkinson, G. F. (1917), Quadruple hybrids in the F x generation from CEnothera 
nutans and 0 . pycnocarpa with the F 2 generations and back and inter¬ 
crosses. Genetics, 2 , 213-259. 

Avery, Priscilla (1930), Cytological studies of five interspecific hybrids of 
Crepis Zeontodontoides , Univ. Calif. Pub. Agr. Sci ., 6, 135-167. 


Babcock, E. B. (1922), Crepis investigations. Kept. Agr. Exp. Sta. Univ . 
Calif, 1921-22, 96-102. 

Babcock, E. B. (1931), New interspecific hybrids in Crepis. Zts . /. Zucht,, 17 , 
116-117. 

Babcock, E. B., and Cameron, D. R. (1934), Chromosomes and phylogeny in 
Crepis II. The relationships of one hundred and eight species. Univ. 
Calif. Pub. Agr. Sci., 6, 287-324. 

Babcock, E. B., and Clausen, R. E. (1927), Genetics in relation to agriculture. 
McGraw-Hill Book Co., New York. 

Babcock, E. B., and Clausen, J. (1929), Mciosis in two species and three 
hybrids of Crepis and its bearing on taxonomic relationship, Univ. Calif, 
Pub. Agr. Sci., 2 , 401-432. 

Babcock, E. B., and Collins, J. L. (1920a), Interspecific hybrids in Crepis, I. 
Crepis capillaris (L.) Wallr. X C. tectorum (L.). Univ. Calif. Pub. Agr. 
Sci., 2 ( 5 ), 191-204, 

Babcock, E. B., and Collins, J. L. (19206), Interspecific hybrids in Crepis. 
Proc. Nat. Acad, Sci., 6, 670-673. 

Babcock, E. B., and Collins, J. L. (1922a), A case of duplicate genes in Crepis 
capillaris (L.) Wallr. Science, 56 , 392. 

Babcock, E. B., and Collins, J. L. (19226), Inheritance of glandular 
pubescence in Crepis capillaris (L.) Wallr. Science, 56 , 393. 

Babcock, E. B., and Emsweller, S. L. (1936), Meiosis in certain interspecific 
hybrids in Crepis and its bearing on taxonomic relationship. Univ. 
Calif. Publ. Agr. Sci., 6 , 325-368, 

Babcock, E. B., and Mann Lesley, M. (1926), Chromosome number and 
individuality in the genus Crepis. II. The chromosomes and taxonomic 
relationships. Univ. Calif. Pub. Agr. Sci., 2 ( 11 ), 315-341, 

Babcock, E. B., and Navashin, M. (1930), The Genus Crepis. Bibliographia 
Genetica, 6, 1-90. 

Backhouse, W. O. (1918), The inheritance of glume length in Triticum 
polonicum. J . G., 7 , 125-134. 

Barker, E. (1917)* Heredity studies in the morning-glory {Ipomma purpurea 
[L.] Broth). Cornell Univ. Agr. Exp. Sta . Bull., 392 , 38. 

Barton-Wright, E. C. (1933) , Recent advances in botany. Churchill, London, 

Bateson, W. (1916), Root cuttings, chimseras and " sports.” J . G ., 6, 75-80. 

Bateson, W. (1919). Studies in variegation. I. J. G., 8 , 93-98. 

Bateson, W. (1921), Root cuttings and chimaeras. II., J. G., 11 , 91-97. 

Bateson, W. (1924), Note on the nature of plant chimaeras. Studia Mendeliana, 
9 - 13 * 

Bateson, W. (1926), Segregation. J . G., 16 , 201-235. 

Bateson, W. (1930), Mendel's principles of heredity. 4 th Imp., Camb. Univ. 
Press. 

Bateson, W., and Gairdner, A. E. (1921), Male sterility in flax subject to 
two types of segregation. J . G. t 11 , 269-276. 

Bateson, W., and Gregory, R. P. (1905), On the inheritance of heterostylism 
in Primula. Proc. Roy. Soc. t 76 , 581-586. 

Bateson, W., and Punnett, R. C. (1911a), On the interrelation of genetic 
factors. Proc. Roy. Soc., B., 84 , 3-8. 

Bateson, W., and Punnett, R. C. (19116), On gametic series involving 
reduplication of certain terms. /. G., 1 , 293-302. 



BIBLIOGRAPHY 


359 


Bateson, W., Saunders, E. R., Punnett, R. C., and Hurst, C. C. (1905). 
Experimental studies in the physiology of heredity. Rep. JEvqI, Com. 
Roy. Soc., Rept. II., 154. 

Bauer, H. (1936), Beitrage zur vergleichenden Morphologic der 
Speicheldriisenchromosomen. Zool. Jahrb. 56 , 239-276. 

Baur, E. (1909) > Das Wesen und die Erblichkeitsverhaltnisse der var. alho - 
marginatcB hort. von Pelargonium zonale . Z.I.A.V., 1 , 330-351. 

Baur, E. (1909), Review of Winkler’s paper. Z.I.A.V., 1 , 393. 

Baur, E. (1910)1 Vererbungs-und Bastardierungsversuche mit Antirrhinum, 
Z.I.A.V., 3,34-98. 

Baur, E. (i 9 n)> Untersuchung fiber die Vererbung von Chromatophoreia- 
merkmalen bei Melandrium, Antirrhinum and Aquilegia. Z.I.A.V., 4 , 
81-102. 

Baur, E. (1919)» Ueber Selbststerilit&t und iiber Kreuzungsversuche einer 
selbstfertilen und einer selbststerilen Art in der Gattung Antirrhinum. 
Z.I.A.V 21 , 48-52. 

Baur, E. (1924), Untersuchungen iiber das Wesen, die Entstehung und die 
Vererbung von Rassenunterschieden bei Antirrhinum majus. Bibliotheca. 
Genetica, 4 , 1-170. 

Baur, E. (1930), Einffihrung in die experimentelle Vererbungslehre. 7 Aufl. 
Borntraeger. 

Beadle, G. W. (1930) > Genetical and cytological studies of mendelian asynapsis 
in Zea Mays. Cornell Univ. Exp. Sta. [Ithaca) Mem., 129 ,1-23. 

Beadle, G. W. (1931)* A gene in maize for supernumerary cell divisions 
following meiosis. Cornell Univ. Agr. Exp. Sta. (Ithaca) Mem., 
135 , 1-12. 

Beadle, G. W. (1932), A gene in Zea Mays for failure of cytokinesis during 
meiosis. Cytologia, 3 , 142-155. 

Beadle, G. W. (1932), A possible influence of the spindle fibre on crossing-over 
in Drosophila. P.N.A.S., 18 , 160-165. 

Beadle, G. W. (1932), The relation of crossing-over to chromosome associa¬ 
tion in Zea-Euchlcena hybrids. Genetics, 17 , 481-501. 

Beadle, G. W. (1932), A gene for sticky chromosome in Zea Mays. Z.I.A.V., 
63 , 197-217. 

Beadle, G. W. (1933), Further Studies of asynaptic Maize. Cytologia, 4 
269-287. 

Beadle, G. W. (1934), Crossing-over in attached X triploids of Drosophila 
melanogaster, J. G., 29,277-309. 

Beadi-e, G. W. (1937), Development of eye colours in Drosophila, etc. 
Genetics. 22 , 587-611. 

Beadle, G. W. (1937), Chromosome aberration and gene mutation in sticky 
chromosome plants of Zea Mays. Cytologia Fujii, 43-56. 

Beadle, G. W., and Emerson, S. (1935), Further studies of crossing-over in 
attached Af-chromosomes of Drosophila melanogaster. Genetics, 20 , 192- 
206. 

Beatus, R. (1929), tlberdie Selbsterilit&t von Cardamine pratensis. Ber. d. 
deuts. hot. Ges., 47 ,189-199. 

Beatus, R. (1931), Zur Kenntnis der Selbsterilitat von Cardamine pratensis. 
Z.I.A.V., 59 , 285-348. 

Becker, G. (1932), Experimentelle Analyse der Genom-und Plasmon wirkung 
bei Moosen, III. Z.I.A.V., 60 ,17-38. 

Beer, R., and Arber, Agnes (1919), On the occurrence of multinucleate cells 
in vegetative tissues. Proc. Roy. Soc., Ser. B., 91 , 1-17. 

Beer, R., and Arber, Agnes (1930), Studies on the binucleate phase in the 
plant cell. Jour. Roy. Micr. Soc. S., 23-31. 

Belar, K. (1928), Die zytologischen Grundlagen der Vererbung. Handb. d. 
Vererb. 



360 BIBLIOGRAPHY 

Belling, J. (19x4), The mode of inheritance of semisterility in the offspring of 
certain hybrid plants. Z.I.A.V ., 12 , 303-342. 

Belling, J. (1921), The behaviour of homologous chromosomes in a triploid 
Canna. Proc. Nat. Acad,. Sci., 7 , 197—201. 

Belling, J. (1924), The distribution of chromosomes in the pollen grains of a 
triploid hyacinth. Amer. Nat., 58 , 440-446. 

Belling, J. (1925a), Homologous and similar chromosomes in diploid and 
triploid hyacinths. Genetics , 10 , 59-71. 

Belling, J. (19256), A unique result in certain species crosses. Z.I.A.V 39 , 
286-288. 

Belling, J. (1926), On the attachment of non-homologous chromosomes at 
the reduction division in certain 25-chromosome Daturas. Proc. Nat. 
Acad. Sd ,, 12 , y—n. 

Belling, J. (1927), Configurations of bivalents of Hyacinthus with regard to 
segmental interchange. Biol. Bull., 52 , 480-487. 

Belling, J. (19276), The attachments of chromosomes at the reduction 
division in flowering plants. J. G., 18 , 177-205. 

Belling, J. (1928a), A working hypothesis for segmental interchange between 
the homologous chromosomes in flowering plants. Univ. Calif. Pub. Bot., 
14 , 283-291. 

Belling, J. (19286), Nodes and chiasmas in the bivalents in Lilium with 
regard to segmental interchange. Biol. Bull., 54 , 465-471. 

Belling, J. (1928c), The ultimate chromomeres of Lilium and Alo# with 
regard to the numbers of genes. Univ. Calif. Pub. Bot., 14 , 307-3x8. 

Belling, J. (1929), Nodes and internodes of trivalents of Hyacinthus. Univ. 
Calif. Pub. Bot.. 14 , 379-388. 

Belling, J. (1931), Chiasmas in flowering plants. Univ. Calif. Pub. Bot., 16 , 
311-338. 

Belling, J. (1933), Crossing-over and gene re-arrangement in flowering 
plants. Genetics, 18 , 388-4x3. 

Belling, J., and Blakeslee, A. F. (1922), The assortment of chromosomes in 
triploid Daturas. Amer. Nat., 56 , 339-346. 

Belling, J., and Blakeslee, A. F. (1923), The reduction division in haploid, 
diploid, triploid and tetraploid Daturas. Proc. Nat. Acad. Sci., 9 , 
106-111. 

Belling, J., and Blakeslee, A. F. (1924a), The distribution of chromo¬ 
somes in tetraploid Daturas. Amer. Nat., 58 , 60-70. 

Belling, J., and Blakeslee, A. F. (19246), The configurations and sizes of 
the chromosomes in the trivalents of 25-chromosome Daturas, Proc. 
Nat. Acad. Sci., 10 , 116-120. * 

Belling, J., and Blakeslee, A. F. (1926), On the attachment of non-homo¬ 
logous chromosomes at reduction division in certain 25-chromosome 
Daturas. Proc. Nat. Acad. Sci., 12 , 7-11. 

Belling, J., and Blakeslee, A. F. (1927), The assortment of chromosomes in 
haploid Daturas. La Cellule, 37 , 355-365. 

van Beneden, E. (1883), R< 5 cherche§ sur le maturation de Toeuf et la fdconda- 
tion. Archiv. d. Biologie, 4 , 265-640. 

Benl, G. (i 937 )> T>ie genetischen Grundlagen der Bliitenfarben. Z.I.A.V 
74 , 242-329. 

Bergner, A. D., and Blakeslee, A. F. (1934), Cytology of a translocation of 
the 1.2 chromosome in Datura. Bull. Torrey Club, 61 , 197—209. 

Bergner, A. D., Satina, S., and Blakeslee, A. F. (1933), Prime types in 
Datura. P.N.A.S., 19 , 103-115. 

Beyerinck, M. W. (1917), The enzyme theory of heredity. Proc. Ron. Ak.v. 
Wetenschappen, Amsterdam, 19 , 1275-1289. 

Biffen, R. H. (1916), The suppression of characters on crossing. J. G., 5 , 
225-228. 



BIBLIOGRAPHY 


361 


Blackburn Kathleen, B., and Harr IS on, J. W. Heslop (1924), Genetical 
and cytological studies in hybrid roses. X. The Origin of a fertile hexa- 
ploid form in the Pimpinellifolia-Villos® crosses. J. Exp. Biol., 1 , 
557 - 57 °- 

Blakeslee, A. F. (1904), Sexual reproduction in the Mucorinese. Proc. Amer. 
Acad. Arts &> Sci., 40 , 205-319. 

Blakeslee, A, F. (1906), Zygospore germinations in the Mucorineae. Ann. 
My col., 4 ,1-28. 

Blakeslee, A. F. (1921 a), Types of mutations and their possible significance 
in evolution. Amer. Nat., 55 , 254-267. 

Blakeslee, A. F. (192x6), A chemical method of distinguishing genetic types 
of yellow cones in Rudbeckia. Z.I.A.V., 25 , 211-220. 

Blakeslee, A. F. (1921c), The globe mutant in the Jimson weed (Datura 
Stramonium). Genetics , 6, 241-264. 

Blakeslee, A. F. (1922), Variations in Datura due to changes in chromosome 
number. Amer. Nat., 56 , 16-31. 

Blakeslee, A. F. (1924), Distinction between primary and secondary chromo¬ 
somal mutants in Datura. Proc. Nat. Acad. Sci., 10 , 109-116. 

Blakeslee, A. F. (1927a), The chromosomal constitution of nubbin, a com¬ 
pound (2n + 1) type in Datura. Proc. Nat. Acad. Sci., 13 , 79-85. 

Blakeslee, A. F. (19276), Nubbin, a compound chromosomal type in Datura. 
Annals N.Y. Acad. Sci., 30 , 1-29. 

Blakeslee, A. F. (1928), Genetics of Datura. Verh. d. V. internat. Kong. /. 
Vererb., Berlin, Z.I.A.V. Suppt., 1, 117-130. 

Blakeslee, A. F. (1929a), Cryptic types in Datura. J. Hered., 20 , 177-190. 

Blakeslee, A. F. (1929), An attempt to analyse the composition of nubbin, 
a compound (2n -f* 1) chromosomal type in Datura (Abstract). Proc. Int. 
Cong. Plant Sci., 1 , 831-832. 

Blakeslee, A. F. (1929-1936), Yearb. Carnegie Inst., 28 - 35 . 

Blakeslee, A. F. (1930), Extra chromosomes, a source of variations in the 
Jimson weed. Smithsonian Report, 431-450. 

Blaiceslee, A. F., and Avery, B. T. (1919), Mutations in the Jimson weed. 
J. Hered., 10 , 111-120. 

Blakeslee, A. F. and Avery, A. G. (1934), Three genes located in the 21.22 
chromosome of the Jimson Weed. J. Hered., 25 , 393-404. 

Blakeslee, A. F., and Avery, A. G. (1937), Methods of inducing doubling of 
chromosomes in plants. J. Hered., 28 , 393-411. 

Blakeslee, A. F., and co-workers (1924-37), Ann. Report Director Dept. 
Genetics Year-book, Cam. Inst. Wash., 23 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 
34 , 35 , 36 . 

Blakeslee, A. F., and Belling, J. (1924a), Chromosomal chimseras in the 
Jimson weed. Science, N.S., 60 , 19-20. 

Blakeslee, A. F., and Belling, J. (19246), Chromosomal mutations in the 
Jimson weed. Datura Stramonium. J. Hered., 15 , 194-206. 

Blakeslee, A. F., Belling, J., and Farnham, M. E. (1923), Inheritance of 
tetraploid Daturas. Bot . Gaz., 76 , 329-373. 

Blakeslee, A. F., Belling, J., Farnham, M. E., and Bergner, A. D. (1922), 
A haploid mutant in the Jimson weed, Datura Stramonium. Science, 
55 , 646-647. 

Blakeslee, A. F., Bergner, A. D., and Avery, A. G. (1936), A new method 
of synthesising pure breeding types with extra chromosomal material in 
Datura. Am. Nat., 70 , 255-257. 

Blakeslee, A. F., Bergner, A. D., and Avery, A. G. (1937)* Geographical 
distribution of chromosomal prime types in Datura stramonium. 
Cytologia Fujii, 1070-1093. 

Blakeslee, A. F., and Cartledge, J. L. (1926), Pollen abortion in the chromo¬ 
somal types of Datura. Proc. Nat. Acad. Sci., 12 , 315-323. 



362 BIBLIOGRAPHY 

Blakeslee, A. F,, and Cartledge, J. L. (1927)* Sterility of pollen in Datura . 
Mem. N.Y. Hort. Soc 3 , 305-312. 

Blakeslee, A. F., and Cleland, R. (1930), Circle formation in Datura and 
C Enothem. Proc. Nat. Acad. Sci., 16 , 177-183. 

Blakeslee, A. F., and Farnham, M. E. (1923), Xrisomic inheritance in the 
poinsettia mutant of Datura. Amer. Nat., 57 , 481-495. 

Blakeslee, A. F., Morrison, G., and Avery, A. G. (1927)1 Mutations in a 
haploid Datura and their bearing on the hybrid-origin theory of mutants. 
J. Hered., 18 , 193-200. 

Bolen, H. S. (1931), A mutual translocation involving the fourth and the X- 
chromosomes of Drosophila. Amer. Nat., 45 , 417-422. 

Bond, T. E. T. (1936), Disease relationships in grafted plants and chimseras. 
Biol. Rev., 11 , 269-285. 

Borgenstam, E. (1922), Zur Zytologie der Gattung nebst ErOrter- 

ungen fiber den Einfluss SLusserer Faktoren auf die Kernteilungsvorg&nge. 
Archiv.f. Bot., 17 , 

Boveri, Th. (1904), Ergebnisse liber die Konstitution der chromatischen 
Substanz des Zellkernes. Jena, G. Fisher. 

Boyes, J. W., and Thompson, W. P. (1937), The development of the endo¬ 
sperm and embryo in reciprocal interspecific crosses in cereals. J. G., 34 , 
203-227. 

Breslawetz., L. (1926), Polyploide Mitosen bei Cannabis saliva L. Ber. d, 
deuts. bot. Ges., 44 , 498-505. 

Bridges, C. B. (1913), Non-disjunction of the sex chromosomes of Drosophila. 
Jour. Exp. Zool., 15 , 587-606. 

Bridges, C. B. (1914), The chromosome hypothesis of linkage applied to cases 
in sweet peas and primulas. Amer. Nat., 48 , 524-534* 

Bridges, C. B. (1916), Non-disjunction as a proof of the chromosome theory 
of heredity. Genetics, 1 , 1-52 ; 107-163. 

Bridges, C. B. (1917), Deficiency. Genetics, 2 , 445-465. 

Bridges, C. B. (1921), Genetical and cytological proof of non-disjunction of 
the fourth chromosome of Drosophila melanogaster. Proc. Nat . Acad. 
Sci., 7 , 186-192. 

Bridges, C. B. (1922), The origin of variations in sexual and sex-limited 
characters. Amer. Nat., 56 , 51-63. 

Bridges, C. B. (1923), The translocation of a section of chromosome IX. upon 
chromosome III. in Drosophila. Anat. Rec., 24 , 426-427. 

Bridges, C. B. (1925a), Elimination of chromosomes due to a mutant 
(minute-n) in Drosophila melanogaster. Proc. Nat. A cad. Sci. , 11 , 701-706. 

Bridges, C. B. (19256), Haploidy in Drosophila melanogaster. Proc. Nat. 
Acad. Sci., 11 , 706-710. 

Bridges, C. B. (1925c), Sex in relation to chromosomes and genes. Amer. 
Nat., 59 , 127-137. 

Bridges, C. B. (1929), Variation in crossing-over in relation to age of female 
in Drosophila melanogaster. Publ. Cam. Inst. Wash., 399 . 

Bridges, C. B. (1935). Salivary chromosome maps. J. Hered., 26 , 60-64. 

Bridges, C. B. (1935). The structure of salivary chromosomes and the relation 
of banding to genes. Amer. Nat., 69 , 59. 

Bridges, C. B. (1936), The bar " gene/' a duplication. Science, 83 , 2x0-211, 

Bridges, C. B. (1937) > Correspondence between linkage maps and salivary 
chromosome structure as illustrated in the tip of chromosome Hr of 
Drosophila melanogaster, Cytologia Fujii, 745—755, 

Bridges, C. B. (1938), A revised map of the salivary gland JV-chromosome of 
Drosophila melanogaster. J. Hered, 29 , 11-13. 

Bridges, G. B., and Anderson, E. G. (1925), Crossing-over in the AT-chromo- 
somes of triploid females of Drosophila melanogaster. Genetics, 10 , 418- 
441. 



BIBLIOGRAPHY 


363 

Bridges, C. B., and Morgan, T. H. (1919), Contributions to the genetics of 
Drosophila melanogaster. The second chromosome group of mutant 
characters. Puhl. Cam, Inst. Wash 278 

Bridges, C. B. and Morgan, T. H. (i 9 2 3 )'. The third group of mutant 
characters of Drosophila melanogaster. Publ. Cam. Inst. Wash., 327 . 

Brieger, F. (1935), Genetic analysis of the cross between the self-fertile 
NicotianaLangsdorfii and the self-sterile N. Sandens. J..G., 30 , 79-100. 

Brieger, F. G. (1926), Mendelian factors producing selective fertilisation. 
Amer. Nat., 60 , 183-190. 

Brieger, F. G. (1927), Uber genetische Pseudofertilitat bei der selbststerilen 
Nicotiana Sanderce. Biol. Zentralb., 47, 122-128. 

Brieger, F. G. (1928a), t)ber die Vermehrung der Chromosomenzahl bei dem 
Bastard Nicotiana Tabacum L. x N. Rusbyi Britt. Z.I.A.V., 47 , 1-53. 

Brieger, F. G. (19286), Cber Artkreuzungen in der Gattung Nicotiana. 
Verb. d. V. Internat.Kong. /. Vererb., Berlin, Z.I.A.V. Suppt., 1 ,485-495. 

Brieger, F. G. (1930), Uber die Bedeutung der Chromosomenverdoppelung 
fur das Problem der Artentstehung. Ber, d. deuts. hot. Ges 48 , 95-98. 

Brieger, F. G., and Mangelsdorf, A. G. (1926), Linkage between a flower 
colour factor and self-sterility factors. Proc. Nat. A cad. Sci ., 12 , 248-255. 

Brieger, F. G., Tidbury, G. E., and Tseng, H. P. (1938), Genetic control 
of gametophyte development in maize. II. The quarter test. J. G., 36 , 
17-38. 

Brink, R. A. (1924) » Physiology of pollen, I-IV. Amer. Jour. Bot., 11 , 218- 
228. 

Brink, R. A. (1925)* Mendelian ratios and the gametophyte generation in 
Angiosperms. Genetics, 10 , 359-394. 

Brink, R. A. (1927), The sugary gene in maize as a modifier of the waxy ratio. 
Genetics, 12 , 461-491. 

Brink, R. A. (1929a), An enzyme difference associated with the waxy gene in 
maize. Genetics. 14 , 569-590. 

Brink, R. A. (19296), The occurrence of semi-sterility in maize. J. Hered., 
20, 266-269. 

Brink, R. A., and Burnham, C. R. (1927), Differential action of the sugary 
gene in maize on two alternative classes of male gametophytes. Genetics, 
12 , 348 - 378 . 

Brink, R. A., and Burnham, C. R. (1929), Inheritance of semi-sterility in 
maize. Amer. Nat., 43 , 301-316. 

Brink, R. A., and Cooper, D. C. (1931), The association of semi-sterile-i in 
maize with two linkage groups. Genetics, 16 , 595-628. 

Brink, R. A., and Cooper, D. C. (1932a), A strain of maize homozygous for 
segmental interchange involving both ends of the P-lf chromosome. 
Proc . Nat. Acad. Sci., 18 , 441-447. 

Brink, R. A., and Cooper, D. C. (19326). Chromosome rings in maize and 
CEnothera. Proc. Nat. Acad. Sci., 18 , 447-455. 

Brink, R. A., and Cooper, D. C. (1932), A structural change in the chromo¬ 
somes of maize leading to chain formation. Am. Nat., 66, 310-322. 

Brink, R. A., and Cooper, D. C. (1935), A proof that crossing-over involves an 
exchange of segments between homologous chromosomes. Genetics, 20 , 
22-35. 

Brink, R. A., and MacGillivray, J. H. (1924), Segregation for the waxy 
character in maize pollen and differential development of the male 
gametophyte. Amer. Jour. Bot., 11 , 465-469. 

Brink, R. A., MacGiLLivRAY, J. H., andDEMEREC, M. (1926), Effect of waxy 
gene in maize pollen— a reply to criticism. Genetics, 11 , 38-40. 

Brunswik, H. (1924), Untersuchungen fiber die Geschlechts- und Kern- 
verh&ltnisse bei der Hymenomyzetengattung Coprinus. K. Goebel Bot. 
Abhandlung, 5 , 1-152. 



BIBLIOGRAPHY 


364 

Buchholz, J. T., and Blakeslee, A. F. (1922), Studies of the pollen tubes and 
abortive ovules of the globe mutant of Datura. Science, N .S., 55 , 597 ^ 599 . 
Buchholz, J. T., and Blakeslee, A. F. (19270), Pollen tube behaviour with 
reference to sterility in Datura. Mem. Eort. Soc. N . V., 3 , 245 *260. 
Buchholz, J. T., and Blakeslee, A. F. (19276), Abnormalities in pollen-tube 
growth in Datura due to the gene " tricarpel/' Droc. Nat. Acad. Sci, t 

13 , 242-249. 

Buchholz, J. T., and Blakeslee, A. F. (1927c), Pollen-tube growth at various 
temperatures. Amer. Jour. Dot., 14 , 258-3O9. 

Buchholz, J. X., and Blakeslee, A. F. (1929), Pollen-tube growth in crosses 
between balanced chromosomal types of Datura Stramonium. Genetics, 

14 , 538 - 568 . 

Buchholz, J. X., and Blakeslee, A. F. {1930a), Pollen-tube growth of the 
primary mutant of Datura rolled and its two secondaries. Droc. Nat. 
Acad. Sci., 16 , 190-195. 

Buchholz, J. X., and Blakeslee, A. F. (i 93 °^)» Pollen-tube growth and 
control of gametophytic selection in cocklebur, a 25 chromosome Datura. 
Bot. Gaz., 90 , 366-283. 

Buchholz, J. X., and Blakeslee, A. F. (1936), Genes from radium treatment 
affecting pollen tube growth in Datura. Genetics, 21 , 731-751. 
Buchholz, J, X., Doak, C. C., and Blakeslee, A. F. (1932).Control of gameto¬ 
phytic selection in Datura through shortening and splicing of the styles. 
Bull. Torrey Bot. Club, 59 , 109-118. 

Buchholz, J. X., Williams, L. F., and Blakeslee, A. F. (1935), Pollen tube 
growth of ten species of Datura in interspecific pollinations. P.N.A.S., 
21, 651-656. 

Burgeff, H. (1928), Variabilit&t, Vererbung und Mutation bei Dhycomyces 
Blakesleeanus. Z.I.A.V., 49 , 26-94. 

Burnham, C. R. (1930), Genetical and cytological studies of semi-sterility and 
related phenomena in maize. Proc. Nat. Acad. Sci., 16 , 269-277. 
Burnham, C. R. (1932). An interchange in maize giving low sterility and 
chain configurations. Proc. Nat. Acad. Sci., 18 , 434-440. 

Buxton, B. H., and Darlington, C. D. (1931), Bellaviour of a new species 
Digitalis mertonensis. Nature, 117 ,, 94. 

Buxton, B. H., and Newton, W. C. F. (1928), Hybrids of Digitalis ambigua 
and Digitalis purpurea, their fertility and cytology. J. G., 19 , 269-279. 


Carothers, E. E. (1913), Xhe mendelian ratio in relation to certain Orthop- 
teran chromosomes. J. Morph., 24 , 487-504. 

Carothers, E. E. (1917)* The segregation and recombination of homologous 
chromosomes as found in two genera of Acrididae (Orthoptera) . J. Morph. 
28 , 455 - 493 - 

Carothers, E. E. (1921), Genetical behaviour of heteromorphic homologous 
chromosomes of Circotetix (Orthoptera). /. Morph., 35 , 457-483. 
Carothers, E. E. (1926), Xhe maturation divisions in relation to the segrega¬ 
tion of homologous chromosomes. Quart. Rev. Biol., 1 , 419-435. 

Carver, W. H. (1927), A genetic study of certain chlorophyll deficiencies in 
maize. Genetics, 12 , 415-440. 

Catcheside, D. G. (1931), Critical evidence of parasynapsis in CEnothera. 
Proc. Roy. Soc., B., 109 ,169-184. 

Catcheside, D. G. (1931), Meiosis in a triploid CEnothera. J. G., 24 , 145-163. 
Catcheside, D. G. (1932), Xhe chromosomes of a new haploid CEnothera . 
Cytologia, 4 , 68-113. 

Catcheside, D. G. (1934), Chromosome configurations in trisomic CEnothera. 
Genetica, 15 ,177-201. 



BIBLIOGRAPHY 


365 

Catcheside, D. G. (1935), X-ray treatment of (Enothera chromosomes. 
Genetica, 17 , 313-341. 

P* ( I 93 ^)> Origin, nature and breeding behaviour of 
(Enothera Lamarckiana trisomics. J. G., 33 , 1-23. 

Catcheside, D. G (i937)> Recessive mutations induced in (Enothera blandina 
by X-rays. Genetica . 19 , 134-142. 

Catcheside, D. G. (1938), The effects of X-ray dosage upon the frequency of 
induced structural changes in the chromosomes of Drosophila melano- 
gaster. J. G., 36 , 307-320. 

Catcheside, D. G;. (1938), The bearing of the frequencies of X-ray induced 
interchanges in maize upon the mechanism of their induction. J. G. 
36 , 321-328. 

Cayley, D. M. (1923), The phenomenon of mutual aversion between mono¬ 
spore mycelia of the same fungus (Diaporthe perniciosa, Marchal). With 
a discussion of sex-heterothallism in Fungi. J. G., 13 , 353-370. 

Cayley, D. M. (1928), “ Breaking ” in tulips. Ann. App. Biol., 15 , 529-539. 

Chao Lien Fang (1928a), The disturbing effect of the glutinous gene in rice 
on a mendelian ratio. Genetics , 13 , 192-225. 

Chao Lien Fang (19286), Linkage studies in rice. Genetics, 13 , 131-165. 

Charles, D. R. (1938), The spatial distribution of cross-overs in -^-chromosome 
tetrads of Drosophila melanogaster. J. G., 36 , 103-126. 

Chessman 1 , E. E., and Larter, L. H. N. (1935), Genetical and cytological 
studies of Musa , III. Chromosome numbers in the Musacese. J. G. 30 , 
31-52. 

Child, G. (i 935 )> Phenogenetic studies on scute -1 of Drosophila melanogaster, 
I and II. Genetics, 20 , 109-155. 

Chino, M., and Kikkiwa, H. (1933), Mutants and crossing-over in Drosophila 
virilis. Genetics, 18 ,111-116. 

Chipman, R. H., and Goodspeed, T. H. (1927), Inheritance in Nicotiana 
Tabacum. VIII. Cytological features of purpurea haploid. Univ. Calif. 
Pub. Bot., 11 , 141-158. 

Chittenden, R. J. (1925), Studies in variegation, II. Hydrangea and Pelar¬ 
gonium. J. G., 16 , 43-61. 

Chittenden, R. J. (1927a), Vegetative segregation. Bibliographia Genetica, 
3 , 355 - 442 . 

Chittenden, R. J. (19276), Cytoplasmic inheritance in flax. J. Hered., 18 , 
337-343. 

Chittenden, R. J., and Pellew, C. (1927), A suggested interpretation of 
certain cases of anisogeny. Nature, 119 , 10-11. 

Chodat, R. (1925), La chiasmatypie et la cin^se de maturation dans VAllium 
ursinum. Bull. Soc. Bot. Geneve, 8, 1-30. 

Christie, W. (1921), Die Vererbung gelbgestreifter Blattfarbe bei Hafer. 
Z.I.A.V., 27 ,134-141. 

Clausen, J. (1926), Genetical and cytological investigations on Viola tricolor L. 
and V. arvensis Murr. Hereditas, 8, 1-156. 

Clausen, J. (1931a), Cytogenetic and taxonomic investigations on Melanium 
violets. Hereditas, 15 , 219-308. 

Clausen, J. (19316), Viola canina L., a cytologically irregular species. Here¬ 
ditas, 15 , 67-88. 

Clausen, R. E. (1928a), Interspecific hybridisation and the origin of species 
in Nicotiana. Verh. d. V. Internal. Kong. f. Vererb., Berlin, 1927. 
Z.LA.V. Suppt., 1, 547 - 553 * 

Clausen, R. E. (19286), interspecific hybridisation in Nicotiana. VII. The 
cytology of hybrids of the synthetic species, digluta, with its parents, 
glutinosa and Tabacum . Univ. Calif. Pub. Bot., 11 , 177-211. 

Clausen, R. E, (1930), Inheritance in Nicotiana, X. Carmine-Coral variega¬ 
tion. Cytologia, 1 , 358-368. 



BIBLIOGRAPHY 


366 

Clausen, R. E. (1931), Inheritance in Nicotiana Tabacum , XU. Transmission 
features of carmine coral variegation. Zeit. f. Zuchter, 17 , *08-1x5, 

Clausen, R. E., and Goosdpeed, T. H. (1924)1 Inheritance in Nicotiana 
Tabacum. IV. The trisomic character, " enlarged " Genetics, 9 , 181- 
197. 

Clausen, R. E., and Goodspeed, T. H. (1925), Interspecific hybridisation in 
Nicotiana. II. A tetraploid glutinosa-Tabacum hybrid, an experimental 
verification of Winge's hypothesis. Genetics , 10 , 278-284, 

Clausen, R. E., and Goodspeed, T. H. (1926a), Inheritance in Nicotiana 
Tabacum. VII. The monosomic character, " fluted/' Univ. Calif. Pub. 
Bot., 11, 61-82. 

Clausen, R. E., and Goodspeed, T. H. (1926b), Interspecific hybridisation in 
Nicotiana. III. The monosomic Tabacum derivative " corrugated," 
from the sylvestris-Tabacum hybrid. Univ, Calif. Pub. Bot., 11, 83-101, 

Clausen, R, E., and Lammerts, W. E. (1929), Interspecific hybridisation in 
Nicotiana. X. Haploid and diploid merogony. Amer. Nat., 63 , 279-282. 

Clausen, R. E., and Mann, M. C. (1924). The occurrence of haploid plants in 
interspecific progenies. Proc. Nat. Acad. Sci., 10 , X21-124. 

Cleland, R. E. (1922), The reduction divisions in the p.m.cs. of CIZnothera 
franciscana. Amer. Jour. Bot., 9 , 391-413. 

Cleland, R. E. (1923), Chromosome arrangements during meiosis in certain’ 
(Enotheras. Amer. Nat., 57 , 562-566. 

Cleland, R. E. (1925), Chromosome behaviour during meiosis in the pollen 
mother-cells of certain CEnothera. Amer. Nat., 59 , 475-480. 

Cleland, R. E, (1931), Cytological evidence of genetical relationships in 
CEnothera. Amer. Jour. Bot., 18 , 629-640. 

Cleland, R. E., and Blakeslee, A. F. (1930), Interaction between complexes 
as evidence for segmental interchange in CEnothera, Proc. Nat. Acad. 
Sci., 16 , 183-189. 

Cleland, R. E., and Brittingham, W. H. (1934), A contribution to an 
understanding of crossing-over within chromosome rings of CEnothera. 
Genetics, 19 , 62-72. 

Cleland, R. E., and Oehlkers, F. (1929), New evidence bearing upon the 
problem of the cytological basis for genetical peculiarities in the 
CEnotheras. Amer. Nat., 63 , 497-510. 

Cleland, R. E., and Oehlkers, F. (1930), Erblichkeit und Zy tologie ver- 
schiedener (Enotheren und ihrer Kreuzungen. Jahrb. f. iviss . Bot,, 73 , 
1-124. 

Coe, H. $., and Martin, J. N. (1920), Sweet clover seed I. Pollination studies 
of seed production. U.S. Dept. Agric. Bull., 344 . 

Collins, E. J. (1922), Variegation and its inheritance in Chlorophytum elatum 
and C. cernosum. J. G., 12 , 1-18. 

Collins, G. N. (1912), Gametic coupling as a cause of correlation. Amer, Nat., 
46 ,569-590. 

Collins, J. L. (1921), Reversion in Composites. J, Hered., 12 , 129-133. 

Collins, J. L. (1924), Inheritance in Crepis capillaris (L.) Wallr. III. Nineteen 
morphological and three physiological characters. Univ. Calif, Pub, Agr. 
Sci., 2 (9), 249-296. 

Collins, J. L. (1926), Inheritance of anthocyanin in Crepis. Science, 63 , 52. 

Collins, J. L., Hollingshead, L., and Avery, P., 1929, Interspecific hybrids 
in Crepis. III. Constant fertile forms containing chromosomes derived 
from two species. Genetics, 14 , 305-320. 

Collins, J. L., and Mann, M. C. (1923), Interspecific hybrids in Crepis. II. A 
preliminary report on the results of hybridising Crepis setosa Hall, with 
C. capillaris (L.) Wallr. and with C. biennis L. Genetics, 8, 212-232. 

Compton, R. H. (19x2), Preliminary note on the inheritance of self-fertility in 
Reseda odgrata. Proc. Cam. Phil Soc., 22, 7 . 



bibliography 


367 


COM 22°”974?6. (I9I3) ’ Phenomena and problems of self-sterility. New Phyt., 

intercliange^^vreen 1 non^homolo^ 1 ^’ C 7 toIogicaI evidence for segmental 
Acad. Sci S , 17 , 3 34 “ 3 38 h 1 g s chrom °somes in maize. Proc. Nat. 

C0RE S. *6 Otoe?.', l^oi^ 17 ngen “ ber die Xenien bei Zea Ma V s - Ber. d 

c “ y?A£» ( rf.'iiT'Wl t. R °“' ™“ Kem “ d Pla *“ “ d " 

C ° RR zygotischer ZuSfnf ^ San i aUS t“?- homozygotischeu in einen hetero- 
zygotiscnen Zustand xm selben Individuum bei buntblattrip-p-n nnH 

gestmftbluhenden Mirabilis- Sippen. Ber. d. deuts brt SZ 28 * 

CORR 3 E 89-42 < 3'. (l9I3) ' Selbsterilitat und Individualstoffe. Biol. Zentr., 33 , 

Correns, C. (1915), tJber eine nacb den Mendel’schen Gesetzen vererbte 
^85-6^6 nkhClt S0rdag °' 1 der Mi rabilis Jalap a. Jahrb. f. wiss. Bot., 56 , 

Correns, C. (1917), Ein Fall experimenteller Verschiebung des Geschlechts- 
verhaitmsses. Sitzungsber. d. preuss. Akad. d. Wiss., 51 , 685-717. 

C rwhl F °rts e tzung der Versuche zur experimenteUen Verschie¬ 

bung des Geschlechtsverhaltmsses. Sitzungsber. d. preuss. Akad. d. Wiss. 

^ DU, II5O—U75. 

Correns, C. (1919a), Vererbungsversuche mit buntblattrigen Sippen I 
bursa-pastans albovanabihs und chlorina. Sitzungsber. d\ preuss 
ARaa. a . kkzss., 33 , 585-610. 

Correns, C. (19196), Vererbungsversuche mit buntblattrigen Sippen II Vier 
neuen Typen bunter Periklinalchimaren. Sitzungsber. d. preuss.'Akad 
a, Wiss,, 44 , 820-857. * * 

Correns, 0. (1921), Zweite Fortsetzung der Versuche zur experimenteUen 
Verschiebung des Geschlechtsverhaltnisses. Sitzungsber. d. preuss Akad 
a, Wiss., 18 , 330—354. 

Correns, C. (1922a), Vererbungsversuche mit buntblattrigen Sippen VI-VII 
Sitzungsber. d . preuss. Akad. d. Wiss., 33 , 460. 

Correns, C. (1922&), Geschlechtsbestimmung und Zahlenverh&ltnis der 
Geschlechter beim Sauerampfer Rumex acetosa. Biol. Zentralbl 42 
465-480. *' ' 


Correns, C, (1928a), Uber nichtmendelnde Vererbung. Verb. d. V . internat 
Kong. f. Vererb., Berlin, Z.I.A . V. Suppt., 1 , 131-168. 

Correns, C. (1928b), Bestimmung, Vererbung und Verteilung des Geschlechtes 
bei den hdheren Pflanzen. Handbuch der Vererb ., 2 , 86. 

Cramer, P. J. (1907), Kritische Cbersicht der bekannten Falle von Knospen- 
variationen. Naturh. Verhandl. v. d, Holl. Maatsch. d. Wetenschappen, 6, 

Crane, M. B. (1915), Heredity of types of inflorescence and fruit in tomato 
J. G., 5 , 1—xi. 

Crane, M. B. (1921), Experiments in breeding plums, with a note on peaches. 
Jour. Pomol., 2 ,137-159. 

Crane, M. B. (1923), Report on tests of self-sterility and cross-incompatibility 
in plums, cherries and apples at the John Innes Horticultural Institution, 
II. Jour , Pomol., 3 , 67-84. 

Crane, M. B. (1925), Self-sterility and cross-incompatibility in plums and 
cherries. J. G>, 15 , 301-322. 



368 BIBLIOGRAPHY 

Crane, M. B. (1926), Self- and cross-sterility in fruit trees. A summary of 
results, 1911—1925. Jour. Pomol. , 6, 157-166. 

Crane, M. B. (1927), Studies in relation to sterility in plums, cherries, apples 
and raspberries. Mem . N.Y. Hart. Soc., 3 , 1 19-134. 

Crane, M. B. (1932), Fertility in relation to yield in cultivated fruits. Bull 
Fac. Agric ., Univ. Reading, 41 , i~l I. 

Crane, M. B. and Brown, A. G. (1937), Incompatibility and sterility in the 
sweet cherry. J. Pom., 15 , 86-116. 

Crane, M. B., and Darlington, C. D. (1927), The origin of new forms in 
Rubus. I. Genetica , 9 , 24T-278. 

Crane, M. B., and Darlington, C. D. {1932), Chromatid segregation in tetra- 
ploid Rubus. Nature , 129 , 869. 

Crane, M. B., and Lawrence, W. J. C. (1929), Genetica! and cytologieal 
aspects of incompatibility and sterility in cultivated fruits. Jour. Pomol, 
7,276-301. 

Crane, M. B., and Lawrence, W. J. C. (1930a), Fertility ami vigour of apples 
in relation to chromosome number. J. G., 22 , 153-163. 

Crane, M. B., and Lawrence, W. J. C. (1930&), Studies'Ll sterility. Ninth 
Internal. Hort. Cong. Rep., 100. 

Crane, M. B., and Lawrence, W. J. C. (1931a), Sterility and incompatibility 
in diploid and polyploid fruits. J. G., 24 , 97-107. 

Crane, M. B., and Lawrence, W. J. C. (19316), Inheritance of sex, colour and 
hairiness in the raspberry, Rubus ulceus L. J. G., 24 , 243-255. 

Crane, M. B., and Lawrence, W. J. C. (1933), Genetieal studies in cultivated 
apples. J. G., 28 , 265-296. 

Crane, M. B., and Zilva, S. S. (1932), Polyploidy and vitamin C. IX. 
Biochem. Journ., 26 , 2177. 

Creighton, H. B. (1934)* Three cases of deficiency in chromosome 9 of Zea 
Mays. Proc. Nat. Acad. Sci., 20 , 111-115, 

Creighton, H. B., and McClintock, B. (1931). A correlation of cytologieal 
and genetieal crossing-over in Zea Mays. Proc . Nat. Aaul. Sci., 17 , 
492-497. 

Crepin, Ch. (1920), Sur un hybridc naturel entre A vena fatua et A . saliva h 
glumelles jaunes. Ann. Ecol. Nat. Agric, Grignon, 7 , 143-154. 

Criddle, N. (1912), Wild oats and false wild oats. Dept I of A gr, Canada , 
Bull. S., 7 ,1-11. 

Cutler, G. H. (1919), A dwarf wheat. Jour. Amer. Soc. Agron., 11, 76-78, 


Dahlgren, K. V. O. (1921), Vererbungsversuchc rait einer buntbl&ttrigen 
Barbarea vulgaris. Hereditas, 2 , 88-98. 

Dark, S. O. S. (1931), Chromosome association in triploid Primula sinensis. 
/.G., 25 ,91-95. 

Darlington, C. D. (1926), Chromosome studies in the Sciileae, J. G., 16 , 

237-251* 

Darlington, C. D. (1928), Studies in Prunus I. and II. J. G., 19 , 213-256. 
Darlington, C. D. (1929a), Ring-formation in another a and other genera, 
J.G., 20,345-363. 5 

DARLINGTON, a D.^( 1 9296 ) j Meiosis in polyploids. II. Aneuploid hyacinths. 

Darlington, C. D. (i ? 29 e)> Chromosome behaviour and structural hybridity 
in the Tradescantiae. /. G., 21 , 207-286. 

Darlington, C. D. (1930a), Studies in Prunus, III. J. G„ 22 , 6 s-gt 
Darlington, C. D. (1930c), Chromosome studies in Fntittaria, IIlT Cvti 
A 3 7 ~ 55 * J 

Darlington, C. D. (1931a), Meiosis. Biological Rev., 6, 221-264. 


Cytologiu, 



bibliography 


369 

Darlington C. D. (19316), The cytological theory of inheritance in CEnothera. 
J. G„ 24 ,, 405-474. 

Darlington, C. D. (1931c), Meiosis in diploid and tetraploid Primula, sinensis. 
J. G., 24 , 65-96. 

Darlington, C. D. (1931c!), The heating of chromosome studies on plant 
breeding. Gardeners' Chronicle, 90 , 192, 231, 272, 314, 351, 397, 430, 
46I. 

Darlington, C. D. (1932&), The control of the chromosomes by the genotype 
and its bearing on some evolutionary problems. Amer. Nat., 66 , 25-51. 

Darlington, C. D. (1935), The time, place and action of crossing-over. T G 
31 , 185-212. * * 

Darlington, C. D. (i 937 )» Recent advances in cytology. 2nd edit. Chur chill , 
London. 

Darlington, C. D., and Dark, S. O. S. (1932), The origin and behaviour of 
chiasmata, II. Stenobothrus parallelus. Cytologia, 3, 169-185. 

Darlington, C. D., and Gairdner, A. E. (1937)# The variation system in 
Campanula persicifolia. J. G., 35 , 97-128. 

Darlington, C. D., and Mather, K. (1932), The origin and behaviour of 
chiasmata. III. triploid Tulipa. Cytologia, 4,, 1—15. 

Darlington, C. D., and Moffett, A. A. (1930), Primary and secondary 
chromosome balance in Pyrus. J.G., 22 , 129-151. 

Davenport, C. B. (1923), Annual report of the director of the department of 
genetics. Cam, Inst. Wash. Year-book, 22 , 87-125. 

Davenport, C. B. (1924), Rate of pollen-tube growth in Datura mutants. 
Ann. Report Director , Dept. Genetics , Cam. Inst. Wash. Year-book, 23 , 92. 

Davenport, C. B. (1925-26), Gametophytic selection. Ann. Report Director, 
Dept. Genetics Cam. Inst. Wash., Year-book, 25 , 43. 

Davis, B. M. (1910), Cytological studies on CEnothera. II. The reduction 
division of CEnothera biennis. Ann. Bot., 24 , 631-651. 

Davis, B. M. (1915), The test of a pure species of CEnothera. Proc. Amer. Phil. 
Soc., 54 , 226-245. 

Davis, B. M. (1926), The segregation of CEnothera nanella brevistylis from 
crosses with nanella and with Lamarckiana. Genetics, 11 , 57-72. 

Davis, B. M., and Kulkarni, C. G. (1930), The cytology and genetics of a 
haploid sport from CEnothera franciscana. Genetics, 15 , 55-80. 

Demerec, M. (1923), Inheritance of white seedlings in maize. Genetics, 8 , 
56 *~\ 593 ’ 

Demerec, M. (1924a), A case of pollen dimorphism in maize. Amer. Jour. 
Bot,, 2 , 465-469. 

Demerec, M, (19246), Genetic relations of five factor pairs for virescent 
seedlings in maize. Cornell Univ. Mem., 84 , 1-38. 

Demerec, M. (1925), Inheritance of pale green seedlings in maize. Genetics, 
10,318-344. 

Demerec, M. (1926a), Notes on linkage in maize. Amer. Nat., 60 ,, 172-176. 

Demerec, M. (19266), Reddish, a frequently mutating character in Drosophila 
virilis. Proc. Nat. Acad. Sci., 12 , 15-16. 

Demerec, M. (1926c), Miniature-a—a second frequently mutating character 
in Drosophila virilis , Proc. Nat. Acad. Sci., 12 ,, 687-690. 

Demerec, M. (1927), Magenta-alpha—a third frequently mutating character 
in Drosophila. Proc. Nat. Acad . Sci., 13 , 248-253. 

Demerec, M* (1928), Mutable character of Drosophila virilis (1). Reddish- 
alpha body colour. Genetics, 13 , 359—388. 

Demerec, M. (1929), Genetic factors stimulating mutability of the miniature- 
gamma wing character of Drosophila virilis. Proc. Nat. Acad. Sci., 15 , 
834-839. , . 

Demerec, M. (1931), Behaviour of two mutable genes of Delphinium ajacts. 
J, G., 24 ,1 79 ”* 93 * 



BIBLIOGRAPHY 


37° 

Demerec, M. (1937)* Hereditary effect of X-ray radiation* Radiology , 30 , 
212-220, 

Demerec, M. (1937), Relationship between various chromosomal changes in 
Drosophila melanogaster. Cytologia , Fujii, n25-1132. 

Detjen, L. R. (1927), Sterility in the common cabbage, Brassica oleracea . 
Mem. Hort. Soc. N. Y 3 , 119-134. 

Dickinson, S. (193X), Experiments on the physiology and genetics of the 
Smut Fungi. Cultural characters. II. The effect of certain external 
conditions on their segregation. Proc. Roy . Soc., 108 , 395-423. 

Digby, L. (1912), The cytology of Primula Kewensis and of other related 
Primula hybrids, Ann . Bot., 26 , 357-386. 

Dobzhansky, N. P., and Dobzhansky, Th. (*933), Deficiency and duplications 
for the gene bobbed in Drosophila melanogaster . Genetics, 18 , 173-192. 

Dobzhansky, Th. (1929) , Genetical and cytological proof of translocation 
involving the third and fourth chromosomes of Drosophila melanogaster. 
Biol. Zentralb., 49 , 408-419. 

Dobzhansky, Th. (1930a), Cytological map of the second chromosome of 
Drosophila melanogaster. Biol . Zentralb ., 50 , 671-685. 

Dobzhansky, Th. (19306), The manifold effects of the genes stubble, stubbloid 
in Drosophila melanogaster. Z.I.A.V., 54 , 427-457. 

Dobzhansky, Th, (1930c), Translocations involving the third and the fourth 
chromosomes of Drosophila melanogaster. Genetics, 15 , 347-400. 

Dobzhansky, Th. (1931a), The decrease of crossing-over observed in trans¬ 
locations and its probable explanation. Amer. Nat., 45 , 214-232. 

Dobzhansky, Th. (19316), Translocations involving the second and fourth 
chromosomes of Drosophila melanogaster. Genetics, 16 , 629-658. 

Dobzhansky, Th. (1933), Studies on chromosome conjugation II. Z.I.A.V., 
64 , 269-309. 

Dobzhansky, Th. (1936), Position effects on genes. Biol. Rev., 11 , 364-84. 

Dobzhansky, Th. (1938), Genetics and the Origin of Species. Columbia 
University Press. 

Dobzhansky, Th., and Schultz, J. (1931), Evidence for multiple sex factors in 
the AT-chromosome of Drosophila melanogaster . Proc . Nat . Acad. Sci. t 
17 , 513 - 518 . 

Dobzhansky, Th., and Sturtevant, A. H. (1938), Inversions in thechromo- 
somes of Drosophila pseudoobscura. Genetics , 23 , 28-64. 

Dobzhansky, Th., and Tan, C. C. (1936), Studies on hybrid sterility III. 
Z.I.A.V., 72 , 88-114. 

Dodge, B. O. (1920), The life history of Ascobolus magnicfius . Origin of the 
Ascocarp from two strains. Mycologia, 12 ,115-134. 

Dodge, B. O. (1927), Nuclear phenomena associated with heterothallism and 
homothallism in the Ascomycetes : Neurospora . Jour . Agr. Res., 35 , 
289-305. 

Dodge, B. O. (1928), Production of fertile hybrids in the Ascomycete Neuro¬ 
spora.. Jour. Agr. Res., 36 , 1-14. 

Dowding, E. S. (193 *)> The sexuality of the normal, giant and dwarf spores 
of Pleurage anserina. Ann. Bot., 45 , 1-14. 

Drayton, F. L, (1934), The sexual mechanism of Sclerotinia Gladioli, 
Mycologia, 26 , 46-72. 

Dubinin, N. P. (1929), Allelomorphentreppen bei Drosophila melanogaster, 
Biol. Zentralb., 49 , 328-339. 


East, E. M. (1913)# Xenia and the endosperm of Angiosperms. Bot. Gaz,, 56, 
217-224. 

East, E, M, (1921), A study of partial sterility in certain hybrids. Genetics, 
6 , 311-365. 



bibliography 


37 r 

East, E. M. (1923), Genetical aspects of self- and cross-sterility. Amer. Jour. 
Bot., 1 U, 408-473. ■' J 

East E. M. (1928), The genetics of the Genus Nicotiana. Bibliographia 
Genetica, 4 , 243-320. 6 r 

East, E. M. (1930), The origin of the plants of maternal type which occur in 
connection with interspecific hybridisations. Proc. Nat . Acad. Sci 16 , 
337 - 451 . . ' ’ 

?' 0I ^. se ^ _ S' ter ility, IX. The behaviour of crosses 

between self-fertile and self-sterile plants. Genetics , 17 , 175—202 

East E. M. (1934). A novel type of hybridity in Fragaria. Genetics, 19 , 
I67-I74. 

East, E. M. (* 935 ) > Genetic reaction in Nicotiana: I. Compatibility. 
II. Phenotypic reaction patterns. III. Dominance. Genetics, 20 , 
403-451. 

East, E. M., and Mangelsdorf, A. J. (1925), A new interpretation of the 
hereditary behaviour of self-sterile plants. Proc. Nat. Acad. Sci. 2 , 
166-171. 

East, E. M„ and Mangelsdorf, A. J. (1926), Studies on self-sterility. VII. 
Heredity and selective pollen tube growth. Genetics, 11 , 466-481 

East, E. M„ and Park, J. B. (1916), Studies on self-sterility. I. The behaviour 
of self-sterile plants. Genetics, 2 , 505-609. 

East, E. M., and Park, J. B. (1917), Studies on self-sterility. II. Pollen tube 
growth. Genetics , 3 , 353-366. 

East, E. M,, and Yarnell, S. H. (1929), Studies on self-sterility. Genetics, 
14 , 455-487- 

Eghis, S. A. (1927), Experiments on interspecific hybridisation in the genus 
Nicotiana. I. Hybridisation between the species N. rustica L. and 
N. Tabacum L. Bull. Appi. Bot. (Leningrad), 17 , English su mm ary, 
184-189. 

Emerson, R. A. (1909), Inheritance of colour in the seeds of the common bean, 
Phaseolus vulgaris. Ann. Rept. Nebraska Agr. Exp. Sta., 22 , 67. 

Emerson, R. A. (1911), Genetic correlation and spurious allelomorphism in 
maize. Ann. Rep. Neb. Agr. Exp. Sta., 24 , 50-90. 

Emerson, R. A. (1912), The inheritance of certain forms of chlorophyll 
reduction in corn leaves. Ann. Rep. Neb. Exp. Sta., 25 . 

Emerson, R. A. (19x4), The inheritance of a recurring somatic variation in 
variegated ears of maize. Res. Bull. Neb. Agr. Exp. Sta., 4 , 1-35 ; Amer. 
Nat., 49 , 87-115. 

Emerson, R. A. (1917), Genetical studies of variegated pericarp in maize. 
Genetics , 2 ,1-35. 

Emerson, R. A. (1918), A fifth pair of factors Aa for aleurone colour in maize 
and its relations to the Cc and Rr pairs. Cornell Univ. Agr. Exp. Sta. 
Mem., 16 , 231-289. 

Emerson, R. A. (1920), Heritable characters of maize. II. Pistillate-flowered 
maize plants. J . Hered., 11, 65-76. 

Emerson, R. A. (1921a), Genetic evidence of aberrant chromosome behaviour 
in maize endosperm. Amer. Jour. Bot., 8, 411-424. 

Emerson, R. A. (19216), The genetic relations of plant colours in maize. 
Cornell Univ. Agr. Exp. Sta. Mem., 39 . 

Emerson, R. A. (1924a), Aberrant endosperm development as a means of 
distinguishing linkage groups in maize. Amer. Nat., 58 , 272-277. 

Emerson, R. A. (19246), A genetic view of sex expression in the flowering 
plants. Science, 59 ,176-178. 

Emerson, R. A. (1925), A possible case of selective fertilisation in maize 
hybrids. Abs. in Anatomical Record, 29 , 136. 

Emerson, R. A. (1929a), The frequency of somatic mutations in variegated 
pericarp of maize. Genetics, 14 , 488-511. 



BIBLIOGRAPHY 


372 

Emerson, R. A; (1929&), Genetic notes on hybrids of perennial Teosintc and 
maize. Amer. Nat., 63 , 289. 

Emerson, R. A., and Beadle, G. W. (i 93 °)> a fertile tetraploid hybrid 
between Euchlmna perennis and Zca Mays. Amer. Nat., 64 , 190-192, 

Emerson, R. A., Beadle, G. W., and Fraser, A. C. (1935), A summary of 
linkage studies in maize. Cornell Univ. Agri. Bull., 180 . 

Emerson, R. A., and Emerson, S. H. (1922), Genetic interrelations of two 
andromonoecious types of maize ; dwarf and anther ear. Genetics , 7, 
203-236. 

Emerson, Sterling (1924), The absence of chromosome pairing during meiosis 
in C Enothera biennis . Papers Mich. Acad. Sci. Arts and Letters, 4 , m- 
114. 

Emerson, Sterling (1929), The reduction division m a haploid (Enothera, La 
Cellule, 39 ,159-165. 

Emerson, Sterling (1931a), The inheritance of certain characters in (Enothera 
hybrids of different chromosome configurations. Genetics, 16 , 325 -348. 

Emerson, Sterling (1931 b), Genetic and cytological studies on (Enothera. II. 

Z.I.A.V., 59,381-394. 

Emerson, Sterling, and Sturtevant, A. H. (1931), Genetic and cytological 
studies on (Enothera. III. The translocation interpretation. Z.I.A.V., 
59 , 395-419. 

Emme, H. (1925), Beitr&ge zur Zytologie der Gcrsten. I. Karyotypcn der 
Gersten. Z.I.A.V., 37 , 229-236. 

Engledow, F. L. (1920a), The inheritance of glume length and grain length 
in a wheat cross. J. G., 10 , 109-134. 

Engledow, F. L. (1923), Inheritance of glume length in a wheat cross. J. G., 
13 , 79-100. 

Engledow, F. L., and Wadham, S. M. (1925), Inheritance in wheat, I. J. G., 
16,1-18. 

Enomoto, N. (1923), Studies on an ever-segregating race in Portulaca grandi - 
flora. Jap. Jour. Bot., 1 , 137-151. 

Ephrussi, B ; , and Beadle, G. W. (i 937 )> Development of Eye colours in 
Drosophila. Genetics, 22 , 65-86. 

Ephrussi, B., Clancy, C. W., and Beadle, G. W. (1936), Influence de la 
lymphe sur le couleur des yeux vermilions chez la Drosophilie . C.R. 
Acad. Sci., Paris, 201 , 1148. 

Erlanson, E. W. (1931), Chromosome organisation in Rosa. Cytologia, 2 , 
256-288. 

Euler, H. V. (1929), Chemische Untersuchungen an Chlorophyllmutanten, I. 
Hereditas, 13 , 61-79. 

Eyster, W. H. (1921), The linkage relations between the factors for tunicate 
ear and starchy sugary endosperm in maize. Genetics, 6, 209-240. 

Eyster, W. H. (1922), Scarred endosperm and size inheritance in kernels of 
maize. Miss. Agr. Exp. Sta. Bull., 52 . 

Eyster, W. H. (19246), A primitive sporophyte in maize. Amer, Jour. Bot., 
11 , 7-14. 

Eyster, W. H. (1924c), A second factor for primitive sporophyte in maize. 
Amer. Nat., 58 , 436-439. 

Eyster, W. H. (1924^), A genetic analysis of variegation. Genetics , 9 , 372-404. 

Eyster, W. H. (1925), Mosaic pericarp in maize. Genetics, 10 , 179-196, 

Eyster, W. H. (1928), The mechanism of variegations. Verh, d, V, internal , 
Kong. f. Vererb., Berlin, Z.I.A.V. Suppt., 1 , 666-686. 

Eyster, W. H. (1929), Five new genes in chromosome I in maize, Z.I.A.V ,» 
49 ,105-130. 

Eyster, W. H. (193rd), Vivipary in maize. Genetics, 16 , 574-590, 

Faberg£, A, C. (1936), The physiological consequences of polyploidy. 1 . and 
II. J, G., 33 , 365-400. 



BIBLIOGRAPHY 


Faber g&, A. C. (1937), The cytology of the male-sterile Lathyrus odoratus. 
Genetica, 19 , 423-430. 

Ferguson, Margaret C. (i 93 2 )> To determine genetical ratios when selfing 
organisms heterozygous for two or more factors. Amer. Nat., 66, 91-93. 
Filzer, P. (1926), Die Selbststerilit&t von Veronica syriaca. Z.I.A.V., 41 , 

w-w* 

Fisher, R. A. (1928a), The possible modifications of the wild type to recurrent 
mutations. Amer. Nat., 62 , 115-126. 

Fisher, IT A. (19285), Two further notes on the origin of dominance. Amer. 
Nat., 62 , 571-572. 

Fisher, R. A. (1930), The evolution of dominance in certain polymorphic 
species. Amer. Nat., 64 , 385-406. 

Fisher, R. A. (1931)* The evolution of dominance. Biol. Rev., 6, 345-368. 
Fisher, R. A. (1934), Statistical methods for research workers. Oliver and 
Boyd, London. 

Fisher, R. A., and Balmukand, Bhai (1929), The estimation of linkage 
from the offspring of selfed heterozygotes. J. G., 20 , 79-91. 

Fisher, R. A., Immer, F. R., and Tedin, O. (1932), The genetical interpreta¬ 
tion of statistics of the third degree in the study of quantitative inheri¬ 
tance. Genetics, 17 , 107-124. 

Flemming, W. (1879), Bcitr&ge zur Kenntnis der Zelle und ihrer Lebenser- 
scheinungen. I. Archiv. d. Mik. Anat., 16 , 302-436. 

Flemming, W. (1880), Beitr&ge zur Kenntnis der Zelle und ihrer Lebenser- 
- scheinungen. II. Archiv. d. Mik. Anat., 18 , 151-259. 

Flemming, W. (1882), Beitrkge zur Kenntnis der Zelle und ihrer Lebenser- 
" scheinungen. III. Archiv. d. Mik. Anat., 20 , 1-86. 

Florell, V. H. (1929), The synthetic formation of Avena sterilis. (In 
correspondence.) J. Hered., 20 , 227. 

Ford E B. (1930), The theory of dominance. Amer. Nat., 64 , 560-565. 
Frandsen, H. N., and Winge, 0 . (1932), Brassica napo-campestris, a new 
constant amphidiploid species hybrid. Hereditas, 16 , 212-218. ^ 

Freeman, G. F. (1918), The heredity of quantitative characters m wheat. 

Genetics, 3 , 1-93. . „ , , ,. 

Fricke, H., and Demerec, M. (1937)> The influence of wavelength on genetic 
effects of X-rays. Proc. Nat. Acad. Sci ., 23 , 484-488. . 

Friesen, G, (1934), Kunstliches Erzeugen von Crossing-over bei Mannchen 
von Drosophila melanogaster. Biol. Zhur., III., 1 , 112—121. 

Friesen, G. (1934), Der mechanismus von Crossing-over bei Mannchen von 
Z>. melanogaster. Biol Zhur, III., 4 , 694-702. 

Friesen, G. (1936), Spermatogonial Crossing-over bei Drosophila. Z.l.A.v 

Frost!* H. B? (1912), The origin of an early variety of Matthiola by mutation. 

Proc. Amer. Breeders Assoc., 8, 536 - 545 * ^ . • T 

Frost, H. B. (1915), The inheritance of doubleness m Matthiola and Petuma. 1. 

The hypothesis. Amer. Nat., 49 , 623-635. 

Frost, H. B. (1916), Mutation in Matthiola annua, a mendelizmg species. 

Frost^H. B. U (i 919), Mutation in Matthiola. Univ. Calif. Pub. Agr . Sci., 2 , 

Frost! H 9 °B. (1921), An apparent case of somatic segregation involving two 

linked factors. Amer. Nat., 55 , 461-464. . ^ 

Frost, H. B, (1927), Chromosome-mutant types m Stocto. I. Characters 

due to extra chromosomes. J. Hered., 18 , 475,4^6. tiered 

Frost, H. B. (1928), Chromosome-mutant types m Stocks. II. /- Hered., 

Vnci&r* Trisomic inheritance of doubleness, complicated by 

l 0 lethSs,Tn Wmhiolaincana. Proc. Nat. Acad. Sci., 17 , 499-509. 



BIBLIOGRAPHY 


374 

Frost, H. B., and Mann, Margaret C. (1924), Mutant forms of Matthiola 
resulting from non-disjunction, Amcr. Nat. , 58 , 569-572. 

Fruwirth, C. (1923), Handbuch der landwirtschaftlichen Pilanzenziichtung. 
4. Die Ziichtung der vier Hauptgetreidearten und der Zuckerrftbe, 
4 AufL, Berlin. 

Funke, G. L. (1924), XJeber die Isolierung von Basidiosporen mit dem Micro- 
manipulator nach Jannse und Peter ft. Zeit. f. Bot., 16 , 619-623. 


Gager, C. Stuart, and Blakeslre, A. F. (1927), Chromosome and gene 
mutations in Datura following exposure to radium rays. Proc. Nat. 
Acad. Sci., 13 , 75-79. 

Gaines, E. F., and Aase, Hannah C. (1926), A haploid wheat plant. Amev, 
Jour. Bot., 13 , 373-385* 

Gaines, E. F., and Carstbns, A. (1926), The linkage of pubescent node and 
beard factors as evidenced by a cross between two varieties of wheat. 
Jour. Agr. Res., 33 , 753 - 755 * 

Gaines, E. F., and Stevenson, F. J. (1922), Rye-wheat and wheat-rye hybrids. 
J. Hered., 13 , 81-90. 

Gairdner, A. E. (1926), Campanula persicifolia and its tetraploid form, 
" Telham Beauty.'" J. G. t 16 , 341-351. 

Gairdner, A. E. (1929), Male sterility in flax. II. A case of reciprocal crosses 
differing in the F 2 . /. G., 21 ,117-124. 

Gairdner, A. E., and Darlington, C. D. (1930), Structural variation in the 
chromosomes of Campanula persicifolia. Nature . 125 , 87-88. 

Gairdner, A. E., and Darlington, C. D. (1932), Ring-formation in diploid 
and polyploid Campanula persicifolia. Genetica, 8 , 113-150. 

Gairdner, A. E., and Haldane, J. B. S. (1929), A case of balanced lethal 
factors in Antirrhinum majus . /. G., 2 l, 315-525. 

Gaiser, L. O. (1926), A list of chromosome numbers in Angiosperms, I. 
Gentica, 8, 401-484. 

Gaiser, L. O. (1930a), A list of chromosome numbers in Angiosperms. II. 
Bibliographia Genetica, 6, 171-466. 

Gaiser, L. O. (19306), A list of chromosome numbers in Angiosperms. III. 
Genetica, 12 , 161-260. 

Gaiser, L. O. (1933). Chromosome numbers in Angiosperms, IV, Bibliogr. 
Genetica, 10 , 105-250, 

Gante, Th. (1921), t)ber eine Besonderheit der Begrannung bei Fatuoid- 
heterozygoten. Hereditas, 2, 410-415. 

Garber, R. J., and Hoover, M. M. (1929), Natural crossing between oat 
plants of hybrid origin. Jour. Agr. Res., 38 , (11), 647-648. 

Garber, R. J., and Quisenberry, K. S. (1923), Delayed germination and the 
origin of false wild oats. J. Hered., 14 , 267-273. 

Garber, R. Ji, and Wade, B. L. (1924), Another instance of defective endo¬ 
sperm in maize. /. Hered., 15 , 69-71. 

Gates, R. R. (1908), A study of reduction in CEnothera rubrinervis. Bot , Gaz., 
46 ,1-34. 

Gates, R. R, (1909), The stature and chromosomes of CEnothera gigas, de 
Vries. Arch.f. Zellforsch., 3 , 525-552. 

Gates, R. R. (1915), The mutation factor in evolution. London, 1-353. 

Gates, R. R. (1928), The cytology of CEnothera . Bibliographia Genetica, 4 , 
401-492. 

Gates, R. R. (1931), The cytological basis of mutations. Amer. Nat., 65 , 
97-120. 

Gates, R, R., and Catchesidb, D. G. (1931), Origin of chromosome linkage in 
CEnothera. Nature, 128 , 637. 



bibliography 


375 


Gates, R. R.. and Goodwin K. M. (1930), A new haploid (Enothera, with 
some considerations on haploidy in plants and animals T G 23 
123-156. r j- ■> , 

Geerts, J. M. (1909), Beitrage zur Kenntnis der Cytologie und partiellen 
Sterilitat von (Enothera Lamarckiana. Rec. Trav. Bat. Neerland 

Geith, K. (1924) Experimentell-systematischer Untersuchungen in der 
Gattung Epilobium. Bot. Archiv., 6, 123. 

Gerhard, K. (1929), Genetische und zytologische Untersuchungen an 
CEnothera grandiflova Ait. Z. /. Naturwiss., 64 , 283-338. 

Glass, H. B. (i935) > & study of factors influencing chromosomal segregation 
m translocations of Drosophila melanogaster. Univ. Miss. Exp. Bull., 


Goldschmidt, R (1913), E>er Vererbungsmodus der gefiillten Levkojenrassen 
als hall geschlechtsbegrenzter Vererbung. Z.I.A.V., 10 , 74-98. 
Goldschmidt, R. (1916), Genetic factors and enzyme reaction. Science. 43 , 
98-100. 

Goldschmidt, R. (1917), Crossing-over without chiasmatypie. Genetics, 2 . 
82-95. 

Goldschmidt, R. (1920), Untersuchungen fiber Intersexualitat. I. Z.I.A.V., 
23 , 24 , 1—199. 

Goldschmidt, P. (1922), Untersuchungen uber Intersexualitat. II. Z.I.A.V ., 
29 , 145-185. 

Goldschmidt, R. (1923), Untersuchungen uber Intersexualitat. III. Z.I.A.V., 
31 ,100-133. 

Goldschmidt, R. (1927), Physiologische Theorie der Vererbung. Berlin, 
1927. 

Goldschmidt, R. (1928), Einfiihrung in die Vererbungswissenschaft. J. 
Springer, Berlin. 

Goldschmidt, R. (1929), Geschlechtsbestimmung im Tier- und Pflanzenreich. 
Biol . Zentralblat , 49 , 641-648. 

Goldschmidt, R. (1931), Die sexuellen Zwischenstufe. Monographic aus dem 
Gesamtgcbiet der Physiologic der Pflanzen und der Tieren. 23 , J. 
Springer. 

Goldschmidt, R. (1937), Spontaneous chromatin rearrangements and the 
theory of the gene. Proc. Nat. Acad. Sci., 23 , 621-623. 

Goldschmidt, R. (1938), " Physiological Genetics,” McGrawHill. 

Good speed, T, H. (1930), Meiotic phenomena characteristic of first generation 
progenies from X-rayed tissues of Nicotiana Tabacum. Univ. Calif. Pub. 
Bot., 11 , 309-318. 

Goodspked, T. IT. (1930), Inheritance in Nicotiana Tabacum. IX. Mutations 
following treatment with X-rays and radium. Univ. Calif. Pub. Bot., 
11, 285-298, 

Goodspeed, T. H. (1934), Nicotiana phylesis in the light of chromosome 
number, morphology and behaviour. Univ. Calif. Publ. Bot., 17 , 

369-398. 

Goodspeed, X. H., and Avery, P. (1929), The occurrence of a Nicotiana 
glutinosa haplont. Proc. Nat. Acad. Sci., 15 , 502-504. 

Goodspeed, T. H., and Avery, P. (1930). Nature and significance of structural 
chromosome alterations induced by X-rays and radinm. Cytologia, 1 , 
308-327. 

Goodspeed, T. H., and Avery, P. (1934), The cytogenetics of fourteen types 
derived from a single X-rayed sex cell of Nicotiana Tabacum. J. G., 29 , 


Goodspeed, T. H., and Clausen, R. E. (1917), The nature of F x species hybrids 
between Nicotiana sylvestris and varieties of Nicotiana Tabacum, with 
special reference to the conception of reaction system contrasts in heredity. 
univ. Calif. Pub , Bot., 5 , 301-346. 



376 BIBLIOGRAPHY 

Goodspeed, T. H., and Clausen, R. E. (1922), Interspecific hybridisation in 
Nicotiana. L On the results of back-crossing the F x sylvestris-Tabacum 
hybrids to sylvestris. Univ. Calif . Pub. Bot ,, 11 , 1-30. 

Goodspeed, T, H., and Clausen, R. E. (1927a), Interspecific hybridisation 
in Nicotiana. VI. Cytological features of sylvestris-Tabacum hybrids. 
XJniv. Calif. Pub. Bot., 11 , 127-140. 

Goodspeed, T. H., and Clausen, R. E. (1927&), Interspecific hybridisation in 
Nicotiana. V. Cytological features of two hybrids made with 
Nicotiana Bigelovii as a parent. Univ. Calif. Pub. Bot., 11 , x 17-125. 

Goodspeed, T. H., and Clausen, R. E. (1928), Interspecific hybridisation in 
Nicotiana. VIII. The sylvestris-tomentosa-Tabacum hybrid triangle and 
its bearing on the origin of 7 'abacum. Univ. Calif. Pub. Bot., 11 , 245-256. 

Goodspeed, T. H., Clausen, R. E., and Chxpman, It. H. (1926)* Interspecific 
hybridisation in Nicotiana. IV. Some cytological features of the pani - 
culata-rustica hybrid and its derivatives. Univ. Calif. Pub. Bot., 11 , 
103-115. 

Gordon, C. (1936). The frequency of heterozygosis in free living populations 
of Drosophila melanogaster and D. subobscura. J.G., 33 , 25-60. 

Goulden, C. H. (1926), A genetic and cytological study of dwarfing in wheat 
and oats. Univ. Minnesota, Agr. Exp. Sta., Tech. Bull., 33 . 

Gowen, J. W. (1919), A biometrical study of crossing-over. On the mechanism 
of crossing-over in the third chromosome of Drosophila melanogaster. 
Genetics, 4 , 205-250. 

Gowen, J. W. (1929), The cell divisions at which crossing-over takes place, 
Proc,. Nat. Acad. Sci., 15 , 266-268. 

Gowen, J. W., and Gay, E. H. (1933), Gene number, kind and size in 
Drosophila. Genetics, 18 , 1-31. 

Gregor, J. W. (1930), Experiments on the genetics of wild populations, I. 
Plantago maritima. J. G., 22 , 15-25. 

Gregor, J. W. (1931), Experimental delimitation of species. New Phyt., 30 , 
204-217. 

Gregor, J. W., and Sansome, F. W. (1930), Genetics of wild populations. II. 
Phleum pratense L. and the hybrid P. pratense L. X P. alpinum L. J. G., 
22,373-387. 

Gregory, R. P. (1911), Experiments with Primula sinensis. J. G., 1 , 73-132. 

Gregory, R. P. (1914), On the genetics of tetraploid plants in Primula sinensis. 
Proc. Roy. Soc., Ser. B,, 87 , 484-492. 

Gregory, R. P. (19x5), On variegation in Primula sinensis. J , G., 4 , 305-321. 

Gregory, R. P., de Winton, D., and Bateson, W. (1923), Genetics of 
Primula sinensis. J. G., 13 , 219-253. 

Groze, H. und Schlenker, G. (1936), Versuche zur Kl&rung der reziproken 
Verschiedenheiten von Epilobium Bastarden, III. Jahrb. IFws. Bot., 82 , 
687-695, 

Gruneberg, H. (1935), A new inversion of the AT-chromosome in Drosophila 
melanogaster . J. G., 31 , 163-184. 

Gruneberg, H. (1937) > The position effect proved by a spontaneous reinver¬ 
sion of the AT-chromosome in Drosophila melanogaster. J. G., 34 , 169-189. 


Haberlandt, G. (1926), t)ber den Blattbau der Cratcsgo-Mespilus von 
Bronvaux und ihrer Eltern. Sitzungsber. d. preuss. Akad. d. 17 , 

170-188. 

Haberlandt, G. (1927), Sind die Cratcsgo-Mespili von Bronvaux Verschmel- 
zungspropfbastarde oder Periclinal-chim&ren. Biol. Zentralb., 47 , 
129-151. 

Hagedoorn, A. L., and A. C. (1921), The relative value of the processes 
causing evolution, The Hague, 



bibliography 


377 


HAG specfes°' a neW tetraploid bisexual 

Hagbrup, O. ( 193 ?), tJber Polyploidie in Beziehung zu KUma Okologie 
und Phylogeme Chromosomenzahlen aus Timbuktu. Hereditas U 
1,9— 4 ®* ' * 

HAkansson, A. (1925), Zur Zytologie der Gattung Godetia. Hereditas. 6, 
2 57 2 74 * 

HAkansson, A (1926), Uber das Verhalten der Chromosomen bei der hetero- 
typischcn lei ung schwediscber (Enothem Lamarckiana und einiger ihrer 
Mutanten und Bastarde. Hereditas, 8, 255-302. 5 

HAkansson, A. (1929a), Die Chromosomen in der Kreuzung Salix viminalis 
X caprea von Heribert-Nilsson. Hereditas, 13 , 1-52. 

HAkansson, A. (19296), Chromosomenringe in ’Pisum und ihre metmassliche 
genetische Bedeutung. Hereditas, 12, 1-10. 

HAkansson, A. (1930a), Die Chromosomenreduktion bei einigen Mutanten 
und Bastarden von (Enothera Lamarckiana. Jahrb.f Wiss Bot 72 38s- 
402. * ** * 0 0 

HAkansson, A. (1930*). Zytologische Beobachtungen an s.g. Speltoidhetero- 
zygoten beim Weizen. Svensk. botan. Tidskrift, 24 . 

HAkansson, A. (X 93 *)> Die Chromosomenzahl von Speltoidheterozygoten die 
aus s.g. subcompactum-Typen beim Weizen hervorgegangen sind. Bot 
Notts,, 343-345. " c 


HAkansson, A. (1932), Neue F&lle von Cliromosomenverkettung in Pisum 
Hereditas, 16 , 155-159. 

Haldane, J. B. S. (1918a), The probable error of calculated linkage values, 
and the most accurate method of determining gametic from certain 
zygotic series. J. G,, 8, 291-297. 

Haldane, J. B. S. (19186), The combination of linkage values and the 
calculation of distances between the loci of linked factors. J. G., 8, 
298-309. 

Haldane, J. B. S. (1922), Sex ratio and unisexual sterility in hybrid animals. 
J. G, t 12 , XOX-X09. 

Haldane, J. B. S. (1927), The comparative genetics of colour in rodents and 
carnivora, Biol. Rev., 2 , 199-2x2. 

Haldane, J. B. S. (1930a), Theoretical genetics of autopolyploids. J. G., 22 , 
359-372. 

Haldane, J, B, S. (19306), A note on Fisher's theory of the origin of dominance, 
and on a correlation between dominance and linkage. Amer. Nat., 64 , 
87-90. 

Haldane, J. B. S. (1931), The cytological basis of genetical interference. 
Cytologia, 3 , 54-65. 

Haldane, J. B. S. (1932), The time of action of genes, and its bearing on some 
evolutionary problems. Amer. Nat., 66, 5-24. 

Haldane, J. B. S., and Waddington, C. H. (1931), Inbreeding and linkage. 
Genetics , 16 , 357-374* 

Hallqvist, C. (1921), The inheritance of the flower colour and the seed colour 
in Lupinus angustifolium. Hereditas, 2 , 299-363. 

Hallqvxst, C. (1923), Gametcnelimination bei der Spaltung einer Zwerg- 
haften und Chlorophylklefecten Gerstensippe. Hereditas, 4 , 191-205. 

Hallqvxst, C. (1924), Chlorophyllmutanten bei Gerste. Ihre Entstehung und 
prim&ren Spaltungen. Hereditas, 5 , 49-83. 

Hammarlunx>, C. (1923), t)ber einen Fall von Koppelung und freie Kombina- 
tion bei Erbsen. Hereditas , 4 , 235-238. 

Hammarlund, C. (1927), Die Yererbung Roter Blattfarbe bei Plantago major. 
Hereditas, 9 , 313-320. 

Hammarlxjnd, C. (1928), Zweite Mitteilung. Idem. Hereditas, 10 , 303-327. 

Hammarx^und, C. (1929), Dritte Mitteilung. Idem. Hereditas, 12 , 210-216. 



37 8 BIBLIOGRAPHY 

Hammarlund, C., and HAkansson, A. (1930)1 Parallelism of chromosome ring 
formation, sterility and linkage in Pisum. Hereditas, 14 , 97-98. 

Hanna, W. F. (1925), The problem of sex in Coprinus lagopus. Ann, Bot 39 , 
431-457. 

Hanson, 1 ?. B. (1928), The effect of X-rays in producing return gene mutations. 
Science , 67 , 562-563. 

Harland, S. C. (1920), Inheritance in Ricinus communis, I. J. G. t 10 ,207-2x8. 

Harland, S. C. (1922), Inheritance in Ricinus communis. 11 . J. G., 12 , 
251-255. 

Harrison, G. J. (1931), Metaxenia in cotton. Jour. Agr. Res., 42 , 521-543, 

Harrison, J. W. H. (1920), Studies in the hybrid Bistoninm. IV. Concerning 
the sex and related problems. J. G., 9 , 1-36. 

Harrison, J. W. H. (1924), Sex in the Salicaca* and its modification by 
Eriophyid mites and other influences. Jour. Exper. Biol. , 1 , 445-472. 

Hayes, H. K. (1917), Inheritance of a mosaic pericarp pattern colour in maize. 
Genetics, 2, 261-281. 

Hayes, H. K., and Brewbaker, H. E. (1926), Factors for colour of aleurone 
and endosperm in maize. J. Amer. Soc. Agron., 18 , 761-767, 

Hayes, H. K,, and East, E. M. (1915), Further experiments on inheritance in 
maize. Conn. Agr. Exp. Sta., Bull., 188 . 

Hayes, H. K., and Harlan, H. V. (1920), The inheritance of the length of 
internode in the rachis of the barley spike. U.S. Dept. Agr. Bull., 869 , 
1-26. 

Hayes, H. K, Parker, J. H., and Kurtzweil, C, (1920), Genetics of rust 
resistance in crosses of varieties of 1 'riticum vulgare with varieties of T. 
durum and T. dicoccum. Jour. Agr. Res., 19 , 523-542. 

Hayes, H. K., and Robertson, D. W. (1924), The inheritance of grain colour 
in wheat. Jour. Amer . Soc. Agron., 16 , 787-790. 

Hearne, E. M., and Huskins, C. L. (1935), Chromosome pairing in Melanoplus 
femur-rubrum. Cytologia, 6, 123-127. 

Heilborn, 0 . (1924), Chromosome numbers and dimensions, species formation 
and phytogeny in the genus Car ex. Hereditas, 5 , 129-216. 

Heitz, E. (1933), Die somatischer Heteropyknosis bei Drosophila melano - 
gaster, und ihre genetische bedeutung. Z, /. Zellf. u. Mik. Anat., 20 , 
237-287. 

Heribert-Nilsson, N. (1912), Die Variabilit&t der (Enothera Lamarckiana 
und das Problem der Mutation. Z.I.A.V., 8, 89-231, 

Heribert-Nilsson, N. (1915), hie Spaltungserscheinung der (Enothera 
Lamarckiana. Lunds. Univ. Aarsske. N.F. Avd. 2, 12 . 

Heribert-Nilsson, N. (1918), Experimentelle Studien flber Variabilit&t 
Spaltung, Artbildung und Evolution in der Gattung Salix. Lunds. Univ, 
Aarssk. N.F. Avd. 2, 14 . 

Heribert-Nilsson, N. (1920), Zuwachsgeschwindigkeit der Pollenschl&uche 
und gestOrte Mendelzahlen bei (Enothera Lamarckiana. Hereditas, 1 , 
41-67. 

Heribert-Nilsson, N. (1923), Zertations—Versuche mit Durchtrennung des 
Griffels bei (Enothera Lamarckiana. Hereditas, 4 , 177-198. 

Heribert-Nilsson, N. (1925), Das Ausbleiben der dominanten Homozygoten 
in Bezug auf die Nervenfarbe bei (Enothera Lamarckiana, Heriditas, 6, 
387 - 391 . 

Heribert-Nilsson, N. (1930), Synthetische Bastardierungsversuche in der 
Gattung Salix. Lunds. Univ. Aarssk. N, F. Avd. 2, 27 . 

Heribert-Nilsson, N. (1931), tlber das Entstehen eines ganz Cinerea- 
ahnlichen Typus aus dem Bastard Salix viminalis X caprea. Hereditas, 
14 , 309-3*9. 

Hersh, R. K. (1924a), The effect of temperature upon the full-eyed race of 
Drosophila. J. Exper. Zool., 39 , 43-53. 



BIBLIOGRAPHY 


379 


Hersh, A. H. (19246), l lie effect of temperature upon the heterozygote in the 
Bar series of Drosophila. J. Exper. Zool, 39 , 55-71. 

Hertwig, P. (1926), Ein neuer Pall von multiplen Allelomorphismus bei 
Antirrhinum, Z.I.A.V., 41 , 42-47. 

Heuser, E (1884), Beobachtungen iiber Zellkernteilung. Biol Zentralbl,, 17 , 
27-157* 

Hill, Ben J. (1929)» Matrocliny in flower size in reciprocal hybrids between 
Digitalis lutca and Digitalis purpurea. Bot. Gaz ., 87 , 548-555. 

Hiorth, H. (1926), Zur Ivenntnis der Homozygoten-Eliminierung und der 
PollenschUluche-Konkurrenz bei (Bnothera . Z.I.A.V., 43 , 171-237. 

Hiorth, G. (1933), Genetische vcrsuche mit Collinsia. III. Koppelun- 
guntersuchungen bei C. bicolor. Z.I.A.V., 65 , 253-277. 

Hoeppener, R., and Renner, 0 . (1928), Genetische und zytologische CEno- 
therenstudien. I. Zur Kenntnis der 0 . ammophila Focke. Z.I.A.V., 49 , 
1-25. 

Hollingshead, L. (1928a), Chromosomal chimasras in Crepis. XJniv. Calif. 
Pub. Agr. Sci., 2 (12), 343 - 354 ; 

Hollingshead, I-. (19286), A preliminary note on the occurrence of haploids 
in Crepis, Aner. Nat,, 62 , 282-284. 

Hollingshead, L. (1930a), A lethal factor in Crepis effective only in an 
interspecific hybrid. Genetics, 15 , 114-140. 

Hollingshead, L. (XQ 3 °&)• Cytological investigations of hybrids and hybrid 
derivatives of Crepis capillaris and Crepis tectorum. Univ. Calif. Pub. 
Agr. Sci., 6, 55 ~ 94 * 

Hollingshead, L. (1930c), A cytological study of haploid Crepis capillaris 
plants. Univ. Calif. Pub. Agr. Sci., 6, 107-134. 

Hollingshead, L., and Babcock, E. B. (1930), Chromosomes and phytogeny 
in Crepis. Univ. Calif. Pub, Agr. Sci., 6, 1-53. 

Honing, J. A. (1911), Die Doppelnatur der CEnotheraLamarckiana. Z.I.A.V., 
4 , 227-278. 

Honing, J. H. (1923), Nicotiana deformis n. sp. und die Enzymtheorie der 
Erblichkeit. Genetica, 5 , 455-476. 

Hoshino, Y. (1915), On the inheritance of the flowering time in peas and rice. 
Jour . Coll. Agr. Tdhokalmp. Univ., Sapporo, 6, 229-288. 

Howes, E. A. (1908), Wild oats. Thesis, Ontario Agric. Coll., Guelph, Ontario, 
Canada. 

Howland, R. B., Clancy, E. A., and Sonnenblick, B, P. (1937), Trans¬ 
plantation of wild type and vermilion eye disks among four species of 
Drosophila. Genetics, 22 , 434-442. 

Huskins, C. L. (1925), Chromosomes in Avena. Nature, 115 , 677-678. 

Hoskins, C. L. (1926), Genetical and cytological studies in the origin of false 
wild oats. Sci. Agric. (Ottawa), 6, 303-315. 

Huskins, C. L. (1927), On the genetics and cytology of fatuoid or false wild 
oats. J. G,, 18 , 315-364. 

Huskins, C. L, (1928a), On the cytology of speltoid wheats in relation to their 
origin and genetic behaviour. J. G., 20 ,103-122. 

Huskins, C. L. (19286), Genetical and cytological studies of fatuoid oats and 
speltoid wheats. Verh. d, v. internat. Kong. f. Vererb. Z.I.A.V., Suppl., 
Berlin, 2 , 907-916. 

Huskins, C. L. (1929), Criteria of hybridity. Science, 69 , 399-400. 

Huskins, C. L. (1930), The origin of Spartina Townsendii. Genetica , 12 , 
531—538. 

Huskins, C. L,, and Fryer, J, R. (1925); The origin of false wild oats; Sci. 
Agric. (Ottawa), 6, 1-13. . 

Huskins, C, L., and Hunter, A. W. S. (1935). The effects 0 f X-radiation on 
chromosomes in the microspores of Trillium erectum. Proc. Boy. Soc. B., 

117 , 23 - 33 * 



3 So BIBLIOGRAPHY 

Huskins, C. L., and Smith, S. G. (1932), A cytological study of the genus 
Sorghum Pers., I. The somatic chromosomes, J. G ,, 25 , 241-249, 
Huskins, C. L., and Smith, S. G. (i 935 ) > Meiotic chromosome structure in 
Trillium erectum. Ann . Bot,, 49 , 119-150. 

Husted, L. (1936), An analysis of chromosome structure and behaviour with 
the aid of X-ray induced rearrangements. Genetics, 21 , 537, 553, 
Hutchison, C. B, (1922), The linkage of certain alcurone and endosperm 
factors in maize and their relation to other groups. Cornell Univ, Agr, 
Exp. Sta. Mem., 60 . 


Ichijima, K. (1926), Cytological and genetic studies on Fragaria. Genetics, 
11,590-604. 

Ichijima, K. (1930), Studies on the genetics of Fragaria, ZJ.A.V 55 , 300- 
347 * 

Ikeno, S. (1917), Studies on the hybrids of Capsicum annuum, H. On some 
variegated races. J . G., 6, 201-229. 

Ikeno, S. {1923), Erblichkeitsversuche an einigen Sippen von Plantago major, 
Jap, Jotir, Bot 1 , 153-212, 

Ikeno, S. (1924), Nachtr&ge zu meiner Angabe fiber Plantago contorta Jap. 
Jour . Bot., 2 , 39-43. 

Ikeno, S. (1926), fiber die Resultate der Kreuzung von zwei Plantago-oxtm. 
Jap. Jour. Bot., 4 , 303-316. 

Imai, Y. (1921), Genetic studies in morning glories, IV., V., VI. (Jap.). Bot. 

Mag., Tokyo, 35 , 49-60, 73-84, 225-238 ; Rev. in Jap, Jour . Bot,, 1 , 4, 
Imai, Y. (1926), On the rolled leaves and their linked characters in the Japanese 
morning glory, Pharbitis Nil. Z.I.A.V., 40 , 205-231. 

Imai, Y. (1928), A consideration of variegation. Genetics, 13 , 544-562, 

Imai, Y. (1929), Linkage groups of the Japanese morning glory. Genetics, 14 , 
223-255. 

Imai, Y. (1930a), A genetic monograph on the leaf form in Pharbitis Nil. 
ZJ.A.V., 55 , X-X07. 

Imai, Y. (1930b), Studies on Yellow inconstant, a mutating character of 
Pharbitis Nil. J. G., 22 , 191-200. 

Imai, Y. (1931a), Linkage studies in Pharbitis Nil. I. Genetics, 16 , 26-41. 
Imai, Y. (19316), Linkage studies in Pharbitis Nil. II. ZJ.A.V., 58 , 317-331. 
Imai, Y. (1934)1 An apparently simple inheritance of variegation in Polygonum 
orientale. J. G., 29 , 147-151. 

Imai, Y. (1936a), Chlorophyll variegations due to mutable genes and plastids, 
ZJ.A.V., 71 , 61-83. 

Imai, Y. (1936b), Geno- and plasmotypes of variegated Pelargoniums. /. G., 
33 , 169-95* 

Imai, Y. (1937). The mechanism of variegation in Plantago and Capsicum. 
J. G., 35 , 375-382. 

Imai, Y., and Kanna, B. (1934). Linkage studies in Pharbitis Nil. IV. 
Genetica, 16 , 467-475. 

Xmmer, F. R. (1930), Formulae and tables for calculating linkage intensities. 
Genetics, 15 , 81-98. 

Ishikawa, M. (1911), Cytologische Studien von Dahlien. Bot, Mag., Tokyo, 
25 ,1-8. 

Ishikawa, M. (19x8), Studies on the embryo-sac and fertilisation in CEnothera. 
Ann. Bot., 32 , 279-317. 

Ivanova, F. J, (1930), On crosses of tetraploid oat forms (A. barbata Poll., 
A, Brauni K6rn.) among themselves and with hexaploid forms (A. 
sativa L., A. nuda L. var. inermis Kdrn., A. ludowiciana Dur., A. steruis 
L.). Proc . TJ.S.S.R. Congr. Genet . Plant and Animal Breed, 2 , 243-263. 



BIBLIOGRAPHY 


38i 


J anssbns. F. A. (1909), La thdorie de la cliiasmatypie ; nouvelle interpretation 
des cm&ses de maturation. La Cellule , 25 , 387-411. 

Janssens, F. A. (1924), La Chiasmatypie dans les Insectes. La Cellule 34 . 
135 - 359 * 

Jenkin, T. J. (1928), Inheritance in Lolium perenne L. I.Seedling characters 
lethal and yellow-tipped albino. II. A second pair of lethal factors 1 
/. G., 19 , 391-402, 403-417. 

Jenkins, M. T. (1927), A factor for yellow-green chlorophyll colour in maize 
and its linkage relations. Genetics, 12, 492-518. 

Jenkins, M. !., and Bell, M. A. (1930), The inheritance, interactions and 
linkage relations of genes causing yellow seedlings in maize. Genetics 
15,253-282. 

Jennings, H. S. (1916), The numerical results of diverse systems of breeding. 
Genetics, 1 , 53-89. 


Jennings, H. S. (1917)* The numerical results of diverse systems of breeding 
with respect to two pairs of characters, linked or independent, with special 
relation to the effects of linkage. Genetics, 2, 97-154. 

Johannsen, W. (1903), Vber Erblickheit in reinen Linien. 

J OHANNSEN, W. (r 913), Elemente der exakten Erblichkeitslehre. 2nd Edition, 
Jena. 

Johannsen, W. (1923), Some remarks about units in heredity. Hereditas, 4, 

138-141. 

Jones, D. F. (1924), The attainment of homozygosity in inbred strains of 
maize. Genetics, 9 , 405-418. 

Jones, D. F. (1925)* Heritable characters of maize. XXIII. Silkless. J. 
Hercd., 16,339-341. 

Jones, D. F. (i 935 ). Somatic segregation and its relation to atypical growth. 
Genetics, 22 , 484-522. 

Jones, D. F. (i 935 )> Somatic segregation due to hemizygous and missing 
genes and its bearing on the problem of atypical growth. Proc. Nat. Acad. 
Sci., 21,90-96. 

Jones, 1 ). F. (1936), Segregation of colour and growth-regulating genes in the 
somatic tissue of maize. Proc. Nat. Acad. Sci., 22 , 163-166. 

Jones, E. T. (1927), Preliminary studies on the absence of yellow colour in 
fatuoid or false wild oats. Welsh Jour. Agric 3 , 221-231. 

Jones, E. T. (1930), Morphological and genetical studies of fatuoid and other 
aberrant grain-types in Avena. J. G., 23 , 1-68. 

Jones, E. T. (1932), Fatuoids or false wild oats. Nature, 129 , 617. 

Jordan, D. S. (1905), The origin of species through isolation. Science, N.S., 

22 . 


Jorgensen, C. A. (1928), The experimental formation of heteroploid plants in 
the genus Solanum. J. G., 19 ,133-211. 

Jorgensen. C. A., and Crane, M. B. (1927), Formation and morphology of 
Solanum chimacras. /. G., 18 , 247-273, 
josx, L. (1905), Zur Physiologic des Pollens. Ber. d. deuts. hot. Ges., 23 . 
Jost, L. (1907), tJber Selbsterilitat einiger Bluten. Bot. Zeit., 65 . 


Kajanus, B. (1913a), tJber die kontinuierlich violetten Samen von Pisum 
arvense * Fiihlings Landw. Ztg., 62,153-160. 

Kajanus, B. (1923a), Genetische Untersuchungen an Weizen. Bibliotheca 
Genetica, 5 , 1-187. 

Kajanus, B. (1927), Die Ergcbnisse der genetischen Weizenforschung. Bibho- 

graphia Genetica, 3 , 141-244. ■ _ TT 

Kajanus, B., and Berg, S. O. (1924). Kreuzungsstudien an Gerste. Hereditas, 

5 , 287-290. 



BIBLIOGRAPHY 


382 


Kakizaki, Y. (1930), Studies on the genetics and physiology of self and cross 
incompatibility in the common cabbage {Brassica okracea var. capitata). 
Jap. Jour. Bot 5 , 133-208. 

Kappert, H. (1925a), Erblichkcitsuntersuchungcn an weissbltthenden Lein- 
sippen. Ber. d, deuts. bot. Gcs., 42 , 434—441. 

Kappert, H. (19256), t)ber die Zahl der unabh&bgigen Merkmalsgruppen bei 
derErbse. Z.I.A.V., 36,1-32. 

Kappert, H. (1927), Uber die Auswertung dihybrider Spaltungsreihen bei 
Koppelungsstudien. Z.I.A.V. , 44 , 303-314, 

Kappert, H. (1937), Die Genetik der immerspaltenden Leukojon ( Matthiola 
incana). Z.I.A.V 73 , 233-281. 

Karpechenko, G. D. (1924), Hybrids of $ Raphanus sativus L. x <$ Brassica 
oleracea L. J. G., 14 , 375-396. 

Karpechenko, G. D, (1927a), The production of polyploid gametes in hybrids. 
Hereditas, 9 , 349-368. 

Karpechenko, G. D. (19276), Polyploid hybrids of Raphanus sativus L. X 
Brassica oleracea L. English summary. Bull. Appl, Bot . (Leningrad), 
17 , 398-408, 

Karpechenko, G. D. (1928), Polyploid hybrids of Raphanus sativus L. x 
Brassica oleracea L. Z.I.A. V., 48 , 1-85. 

Karpechenko, G. D. (1930). A contribution to the synthesis of a constant 
hybrid of three species, Proc. U.S.S.R. Congress of Genetics, 2 , 277-294. 
Kattermann, G. (1931), t)ber die Bildung polyvalenter Chromosomen- 
verb&nde bei einigen Gramineen. Planta, 12 , 732-774. 

Kattermann, G. (1932), Farbenxenier bei Weizenkreuzungen, und das 
erbliche Verhalten blaugef&rbter Aleuronschicht bei der verwendeten 
neuartigen Weizenrasse im Allegemeinen. Zeit. Pflanun, 17 , 413. 
Kaufmann, B. P. (1933), Interchange between X and Y chromosomes in 
attached females of Drosophila melanogaster , Proc. Nat » Acad. Sci., 29 , 
830-838. 

Kempton, J. H. (1919), Inheritance of waxy endosperm in maize. U.S. Dept. 
Agric. Bull., 754 , 1-9. 

Kempton, J. H. (1921), Waxy endosperm in Cotx and Sorghum. J. Bered., 12 , 
396-400. 

Kempton, J. H. (1924), A dominant lethal chlorophyll mutation in maize. 
Jour. Agr. Res., 29 , 307-309. 

Kendall, James (1930)* A parthenogenetic aberrant tobacco plant. J. 
Hered ., 21 , 363-366. 

Kieselbach, T. A., and Petersen, N. F. (1926), The segregation of carbo¬ 
hydrates in crosses between waxy and starchy types of maize. Genetics , 
11 , 407-422. 

Kiessling, L. (1914), Erbanalytische Untersuchungen iX ber die Spelzenfarbe 
des Weizens. Landw. Jahresb, fur Bayern, 102-170 ; Rev. in Bot, Cbh, 

126 , 472. 

Kihara, H. (1919), tlber cytologische Studien bei einigen Getreidearten. 
1. Spezies-Bastarde des Weizens und Weizen-Roggen Bastard. Bot . Mag. 
Tokyo , 33 , 17-38. 

Kihara, H. (1921), tlber cytologische Studien bei einigen Getreidearten, III. 
Uber die Schwankungen der Chromosomenzahlen bei den Spezies- 
bastarden der Triticum-Arten. Bot. Mag. Tokyo , 35 , 19-14, 

Kihara, H. (1924), Cytologische und genetische Studien bei wichtigen 
Getreidearten mit besonderer Riicksicht auf das Verhalten der Chromo- 
somen und der Sterilit&t in den Bastarden. Mem. Coll. Sci , Kyoto Imp. 
Univ., Ser. B., 1 , i~2oo. 

Kihara, H. (1925), Weitere Untersuchungen liber die pentaploiden Triticum- 
■ Bastarde. Jap. Jour. Bot,, 2 , 299-300 
Kihara, H. (19296), An instance of linkage of sex-chromosomes and auto- 



BIBLIOGRAPHY 


383 


(English summary.) Jap. 


somes in the p.m.c, of Humulus japonicus. 

Jour. Gen., 5 , 73-80. 

Kihara, H. (1930)* Conjugation of homologous chromosomes in the genus 
1 Y i n x 5 FnHCUm X and s P ecies hybrids of Mgilops. Cytologia, 

Kihara, H. (1931), Genomanalyse bei Triticum und Mgilops, II. Cytologia 
2, 106-156. r J 6 * 


Kihara, H. (1935). Genomanalyse bei Triticum und Mgilops , VI. Cytologia, 
6, 195-216. r ^ * 

Kihara, H., and Nishiyama, I. (1930), Genomaffinitaten in tri- tetra- und 
pentaploiden Weizenbastarden. Cytologia, 1, 263-284. 

Kikuchi, A. (1926), Self and cross sterility in the Japanese pear. Mem N Y 
Hort.Soc., 3,233-241. r 

Klebahn, H. (1920), Impfversuche mit Pfropfbastarden., Z.I A V 22 , 
3 ° 4 * 

Knapp, E. (1937), Crossing-over and post-reduktion. Z.I.A.V., 73 , 409-418, 

Kniep, H. (1922), Uber Geschlechtsbestimmung und Reduktionsteilung, 
Verh. phys.-med. Ges. Wiirzburg, 47, 1-28. 

Kniep, H. (1929), VererbungserscheinungenbeiPilzen. Bibliographia Geneticd, 
5,37^78; v 

Knight, L. J. (1918), Physiological aspects of self-sterility of the apple. Proc. 
Amer. Soc. Hort. Sci., 1917 , 101-105. 

Koernicke, F., and Werner, H. (1885), Handbuch des Getreidebaues, 2 , 
Berlin. 

KOLLRR, P. Ch. (1932), Constitution of the ^-chromosome in Drosophila 
obscura. Nature , 129 , 616. 

Koli-KR, P. C. (193b), Structural hybridity in Drosophila pseudo-obscura. 
J. G. f 32 , 79--102. 

Koller, P. C. (1938), Asynapsis in Pisum sativum , J. G., 36 , 275-306. 

Koltzoff, N. (i 934 )» The structure of the chromosomes in the salivary glands 
of Drosophila. Science, 80 , 312. 

Kostoff, D. (1929), An androgenic Nicotiana haploid. Zeits. f. Zellforsch., 
9 , 640-642. 

Kostoff, IX (1930), Chromosomal aberrants and gene mutations in Nicotiana 
obtained by grafting. J. G., 22 , 299-418. 

Kostoff, I)., and Kendall, J. (1931), Studies on certain Petunia aberrants. 
J. G., 24 , 164-178. 

Kostoff, J). (1935), Conjugation between morphologically different chromo¬ 
somes in Nicotiana species hybrids. C.R.A.S., U.S.S.R . X., 7, 558-560. 

Krenke, N. P. (1933), Wundkompensation, Transplantation und CMmaeren 
bei Pflanzen. Berlin. 

Kristoffkrson, K. B. (1924), Contributions to the genetics of Brassica 
oleracea, Hereditas, 5 , 297-364. 

Krumbholz, G. (1925), Untersuchungen -fiber die Scheckung der (Enothera 
Bastarde insbesondere fiber die Mdglichkeit der Entstehung von Peri- 
klinalchim&ron. Jenaische Zeit. f, Naturwissenschaft, 62 , 187. 

Kuckuck, H. (1936), uber vier neue Serien multipier Allele bei Antirrhinum 
majus. Z.I.A.V., 71, 429-446. 

Kuhn, E. (1930a), Die Geschlechtsformen bei Fragaria und ihre Vererbung. 
Der ZUchter, 2 , 2-11. 

Kuhn, E. (19306), Uber Kreuzungen des getrenntgeschlechtigen Thalictrum 
Fendleri mit gemischtgeschlechtigen Arten der gleichen Gattung. Biol. 
Zentralbl. , 50 , 79-102. 

Kuhn, E. (1938), Uber die Trabantschromosomen bei normalen und immer- 
spaltanden Sippen von Matthiola incana. Z.I.A.V. , 74, 388-408. 

Kuwada, Y, (19x0), A cytological study of Oryza sativa L. Bot, Mag . Tokyo , 
24 , 267-281. 



BIBLIOGRAPHY 


384 

Kvakan, P. (1924), The inheritance of brown aleurone in maize. Cornell 
XJniv. Agr . Expcr. Sta, Mem,, 83 , 1-22. 

Kvakan, P. (1925), Heritable characters of maize. XXIV. Twisted seedlings. 
J. Hered ., 16 , 427-430. 

Kvasnikov, B. V. (1929), A study of doubleness in Matthiola. Annals 0} 
Timiriasev Agricultural Academy , 4 , 94-96. (English n\smm\) 


La Cour, L. (1931), Improvements in everyday technique in plant cytology. 
Jour. Roy. Mic. Soc., 51 , 119 -126. 

Laibach, P {1928) Zur Vererbung tier physiologist-lien HeterostyHe-Unier- 
schieden. Ber. d. deuts. hot. Ges 46 , iHr-iSo. 

Laibach, F. (1929), Die Bedeutung der homostylen Formon fiir die Frage nach 
der Vererbung der Heterostyiie. Ber. d. deuts. hot. Ges., 47 , 584 596, 

Lakon, G. (1921), Die Weissarandpanaschierung von Acer Neg undo. Z.l.A. V. t 
26 , 271-284. 

Lamm, R. (1938), Notes on a haploid potato hybrid. Hered lias, 24 , 91-396. 

Lammerts, W. E. (1929), Interspecific hybridisation in Nicotiana , IX. 
Further studies of the cytology of the backcross progenies of the 
paniculatarustica hybrid. Genetics, 14 , 286-304. 

Lammerts, W. E. (1931), Interspecific hybridisation in Nicotiana. XXL The 
amphidiploid rustica-paniculata hybrid; its origin and cytogenetic 
behaviour. Genetics, 16 , 191-2x1. 

Lammerts, W. E. (1934), Derivative types obtained by baekerossing Nicotiana 
rustica-paniculata to N. paniculata. J.. G., 29 , 355-366. 

Lange, F. (1927), Vergleichende Untcrsuchungen fiber die Blattentwieklung 
einiger Solanumchim&ren und ihrer Elterarten. Planta , 3 , 181-281. 

Lathouwers, V. (1924), Etude gdndtique do deux variations speltfiides. 
Bull. Soc. Roy. Bot. Belgique. 57 , 79-106. 

Lawrence, W. J. C. (1929), The genetics and cytology of Dahlia species. 
J. G., 21 , 125-159. 

Lawrence, W. J. C. {1930), Incompatibility in polyploids. Genetic a, 12 , 
269-296. 

Lawrence, W. J. C. (1931a), The genetics and cytology of Dahlia variabilis. 
J. G., 24 , 257-306. 

Lawrence, W. J. C. (1931b), Mutation or segregation in the octoploid Dahlia 
variabilis, J. G., 24 , 307-324. 

Lawrence, W. J. C. (1931c), The secondary association of chromosomes. 
Cytologia, 2, 352-384. 

Lawrence, W. J. C., and Scott Moncrieff, R. (1935), The genetics and 
chemistry of flower colour in Dahlia ; a new theory of specific pigmenta¬ 
tion. /. G., 30 , 155-226. 

Lawrence, W. J. C,, and Scott-Moncrieff, 11 , (1935), The genetics and 
chemistry of flower-colour in Dahlia ; a new theory of specific pigmenta¬ 
tion. J. G., 30 , 155-226. 

Lehmann, E. (1919), t)ber die Selbststerilit&t von Veronica Syriaca. Z.I.A.V., 
21, 1-47. 

Lehmann, E. (1922), Die Theorie der OEmotheraforschung. Jena. 

Lehmann, E. (1924), t)ber Sterilit&tserscheinungen bei reziprok verschiedenen 
EpilobiuM-baLSt&iderL. Biol. Zentralbl., 44 , 342. 

Lehmann, E. (1926), The heredity of self-sterility in Veronica Syriaca. Mem. 
Hort. Soc., New York, 3 , 313-320. 

Lehmann, E. (1928), Selbststerilitat, Heterostyiie. Handbuch der Vererbung - 
swissenschaft, 2, 1-43. 

Lehmann, E., und Schwemmle, J. (1927), Genetische Untersuchungen in der 
Gattung Epilobium. Bibl. Bot., 95 , 



BIBLIOGRAPHY 


385 


J. Hered.,11, 129- 

r ’ C ■ E ,” : \ nd S , ANUO ' W. T (1928), Natural and artificial hybrids of a 
nenc wheat and rye. /. tiered., 19 , 23-27. yDnas 01 a 

T W- (1926), i he genetics of Lycopersicum esculentum Mill 1 
* inheritance of dwarf," Genetics 11 

W. (1928), \ cytological and genkcal study of progenies of 


The 


Leighty, C. E. (1920), Natural wheat-rye hybrids of 1028 

13 6 * 

Leighty, 

Chinese 
Lesley, J. W. 

trisomic i 
Lesley, J, W. 

triploid tomatoes. Genetics, 13 , .1-43 

Lesley, J. W., and Lesley, M. M. (1929), Chromosome fragmentation and 
mutation m tomato. Genetics , 14 , 321-336. 5 ° n ana 

Lesley, J. W., and M ann, M. C. (1925), Triploidy in the tomato. Science 61 . 
200. * 9 

Lesley, M. M. (1925), Chromosomal chimasras in the tomato. Amer Nat 59 
570-574. 

Lesley, M. M. (1926), Maturation in diploid and triploid tomatoes. Genetics 

11, 2O7.~79- 

Lesley, M. M ami I-'eost. H. B. (1927), MondeUan inheritance of chromosome 

shape m Matthiola, Genetics , 12 , 449-460. 

Lesley, M. M an<l Kkost, H. B. (1928), Two extreme "small” Matthiola 
plants ; a Uaploul with one and a diploid with two additional chromosome 
fragments. Amer. Nat., 6 2, 22-33. ' ” ' 

Lesley, M. M., and Lesley, j. W. (1930), The mode of origin and chromosome 
behaviour 111 pollen mother cells of a tetraploid see dling tomato T G 
22, 319-425. ' ” 

Lesley, M. M„ and Lesley, J. W. (1935), Heteromorphic A. chromosomes 
of the tomato differing in satellite size. Genetics, 20, 586-590 
Levit, S. G. (193o), Hntersuchungen iiber Treppenallelomorphismus V. Arch. 
Entw. Meehan. , 122 , 

Li, H. W. (1931), Heritable characters in maize. XXXVII. Brevis. T. Hered 
22, 14-16. 

Lindegricn, C. C. (1936), A six-point map of the sex-chromosome of Neuro- 
spora crass a. ]•<*., 32 , 2 43-256. 

LlNDHARP, K. (19 22), Zwv Genetik des Wcizens. Eine Untersuchung iiber die 
Nachkommenschafteines Kolbenweizen aufgetretenen Speltoidmutantem. 
Hercclitus, 3 , i-yo. 

Lindhard, K., und Ivkrskn, K., (1919), Vererbung von roten und gelben 
Farbcnmerkxnalen bei Beta-Kiiben. Z. Pfi. Zucht, 7 , 1-18. 

Lindstrom, E. W, (1918), Chlorophyll inheritance in maize. Cornell Univ. 
Agr. Exp, Sta. Mem. 13 , 7-08. 

Lindstrom, E. W. (1921), Concerning the inheritance of green and yellow 
pigments in maize seedlings. Genetics, 6, 91-110. 

Lindstrom, K. W. (1923), Heritable characters of maize. XIII. Endosperm 
defects— a sweet defective and flint defective. /. Hered., 14 , 127-135. 
IviNPSTROM, K. W. (1924), Complementary genes for chlorophyll development 
in maize and their linkage relations. Genetics, 9 , 305-326. 

Lindstrom, K. W. (1924), Inheritance in tomatoes. Genetics, 10 , 305-317. 
Lindstrom, E. W. (1926), Hereditary correlation of size and colour characters 
in tomato. Agric. Exper. Sta. Iowa Res. Bull., 93 . 

Lindstrom, K. W, (1929), A haploid mutant in the tomato. J. Hered., 20 , 
23 - 3 °* 

Lindstrom, E. W. (1935), Segregation of quantitative genes in tetraploid 
tomato hybrids as evidence for dominance relations of size characters. 
Genetics , 20, i-u. 

de LiTARDitRE, J. (1923), Les anomalies de la caryocin^se somatique chez le 
Spinacia oleracea L, Revue gdn. Bot., 35 , 3. 
de Litardii':rk, J, (1924), Sur Uexistence de figures didiploi'des dans le m6ri- 
st^me radiculaire clu Cannabis sativa L. La Cellule, 35 , 21-25. 


Jt.A. PLANT GENET. 


13 



BIBLIOGRAPHY 


386 

Ljungdahl, H. (1922), Zur Zytologic tier Gattung Papaver. Sve.nsk. Hot. Tids., 
16,103-114. 

LjttNGDAHL, H. (1924), t)ber die Herkunft der in der Meiosis konjugierenden 
Chromosomen bei Papaver-Hybriden. Svemh. Hot. Tidskr., 18 , 279-291. 

Longley, A. E. (1924), Chromosomes in maize and maize relatives. Jour. 
Agr. Res., 28 , 673-682.' 

Longley, A. E. (1927), Supernumerary chromosomes in Zea Mays. Jour. Agr. 
Res., 35 , 769-784. 

Lotsy, J. P. (19x3), Hybrides cntre esp&ces <VAntirrhinum. 4, Confer, Intern, 
de Ginitrique, Paris, 19x1, 416. 

Lotsy, J. P. (1912), Versuche liber Artbastarde und Betrachtimgen liber die 
Mdglichkeit einer Evolution trotz Artbest&ndigheit. Z.I.A.V., 8, 
325-332. 

Lotsy, J. P. (1916), Evolution by means of hybridisation. The Hague. 

Love, H. H., and Craig, W. T. (1918a), The relation between colour and other 
characters in certain Avena-cronaes. Amer. Nat., 52 , 369-383. 

Love, PL H., and Craig, W. T. (19x86), Small grain investigations, J . Hered., 
9 ,67-76. 

Love, H. H., and Craig, W. T. (1919a), The synthetic production of wild 
wheat forms. J. Nered., 10 , 51-64. 

Love, H. H., and Craig, W. T. (1919&), Fertile wheat-rye hybrids. J. Hered,, 
10, 195-207. 

Love, H. H., and Craig, W. T. (1924), The genetic relation between Triticum 
dicoccum dicoccoides and a similar morphological type produced syn¬ 
thetically. Jour. Agr. Res., 28 , 515-520. 

Luckwill, L. C. (1937), Studies in the inheritance of physiological characters, 
IV. Ann. Bot. N. S., 1 , 379-408. 

Ludwig, W. (1937), Ueber die Haufigkeit von Pr&-und Post-reduktion. 
Z.I.A.V., 73 , 332 - 346 . 

Lutz, Anne M., (1907), A preliminary note on the chromosomes of CEnothera. 
Lamarckiana and one of its mutants 0 . gigas. Science , N.S., 26 , 151-152, 


MacArthur, J. W. (1926), Linkage studies with the tomato. Genetics , 11 , 
387-405. 

MacArthur, J. W. (1928), Linkage studies with the tomato. II. Three linkage 
groups. Genetics, 13 , 410-420. 

MacArthur, J. W. (1934), Linkage groups in the tomato. /. G. t 29 , 123-133. 

McClintock, B, (1929a), A cytological and genetical study of triploid maize. 
Genetics, 14 , 180-222. 

McClintock, B. (19296), A method for making aceto-carmine smears perma¬ 
nent. Stain Technol., 4 (2), 53-56. 

McClintock, B. (1930). A cytological demonstration of the location of an 
interchange between two non-homologous chromosomes of Zea Mays, 
Proc. Nat. Acad. Sci., 16 , 791-796. 

McClintock, B. (1931^), The order of the genes C sh and wx in Zea Mays 
with reference to a cytologically known point in the chromosome. Proc, 
Nat. Acad, Sci., 17 , 485-491. 

McClintock, B. (1931b), Cytological observations of deficiencies involving 
known genes, translocation and an inversion in Zea Mays. Res ♦ Bull. 
Missouri, 163 . 

McClintock, B. (1932), The correlation of ring-shaped chromosomes with 
variegation in Zea Mays. Proc. Nat. Acad. Sci., 18 , 677-681. 

McClintock, B. (1933), The association of non-homologous parts of chromo¬ 
somes in the mid-prophase of meiosis in Zea Mays. Zeit. Zellf. u. M. 
Anat., 19 , 191-237. 



bibliography 


387 


McClintock, B. (1938), The fusion of broken enri= „* „ s * , 

5£SS maW breaka ^ ^*-3- 

of ring-shaped chromosomes/ SL 23 behaviour 
McClintock, B., and Hill, H. E. (i<m\ Th^ pv+niiLwi*-,* ^ ... 

chromosome associated with the R. G lmkale ^rou^^ 0 7 10n the 
Genetics, 16 , X75-X90. imtage group in Zea Mays. 

MCC 93, Y 227-230. 1932 '' Anotller ha P loid Micotiana Tabacum plant. Bot. Gaz., 

Maokenson^O^ (1935), Locating genes on salivary chromosomes. J. Hered., 

’ysf&to&Z M'Tis'StAy^rsi tz. cross* 

Malinowski, R. 1929 , Genetics of Brassica. BibliogmShiaGeneii™ 1 / ?!' 

M„o = » , iR i a n, „ S&% c S:t 5 '£ii 

§„kr^35 M ' (,9a7) ' sto, "“ ° n ««“«“ ■>< 

Mangklsdorf, P. C., and Jones, D. F. (1926), The expression of mendelian 
factors in the gametophyte of maize. Genetics, 11 azx-ass 
Mangf.lsdorf, P. C. and Reeves, R. G. (1935). A trigeneric hybrid of Zea, 
Inpsacum, and htichlcena, J. Hered., 26 , 128-140. J 

Mann, Margaret C. (19 2 5 )» Chromosome number and individuality in the 
genus Crepts. I. A comparative study of the chromosome number and 
dimensions of nineteen species. Univ. Calif. Pub . Agr. Sci. f 2 , (10), 
2 97 ” 3 I 4 ‘ 

Manton, X. (1932). Contributions to the cytology of apospory in ferns, I. 
J. C r,, 25 , 4 2 3 ~ 43 p* 

Marchal, El. and Em. (i 907 » 1909- 1911), Aposporie et sexuality chez les 
Mousses, I.* XI., III. X. BW/. Roy. Belgique, 7 , 765-789 ; II. Ibid,, 
12 , x249-1288 ; III. Xbtd., 9 , 750-778. 

Marquand, C. V. B. (1922), Varieties of oats in cultivation. Welsh P B Sta 
A berystwytk, Bull. C. , 2 ,1-44. 

Marsdkn- Joniss, E. M., and Turrill, W. B. (1930), The history of a tetraploid 
Saxifrage. /. G ., 23 , 83-92. 

Martin, J. H. (1913)* The physiology of the pollen of Trifolium pratense. 
Bot. Gaz., 56 , 1 12-126. 

Martin, J. H. (19x5), Relation of moisture to seed production in alfalfa. 
Iowa Res. Bull., 23 . 

Massey, K. (1928), The development of the leaves in certain periclinally 
variegated plants. J. G., 19 , 357-372. 

Mather, K. (X 933 )* Interlocking as a demonstration of genetical crossing-over 
during chiasma formation. Amer. Nat., 67 , 476-479. 

Mather, K. (1933)» The relation between chiasmata and crossing-over in 
diploid and triploid Drosophila melanogaster. J. G., 27 , 243-259. 
Mather, K. (1934)1 The behaviour of meiotic chromosomes after X-radiation. 
Hereditas, 19 , 303-322. 

Mather, K. (i935» Eeductional and equational separation of the chromo¬ 
somes in bivalents and multivaients. J. G., 30 , 53-78. 

Mather, K. (1936), Competition between bivalents during chiasma formation. 
Proc. Roy . Soc. Ser., B,, 120 , 208-227. 

Mather, K. (19366), Segregation and linkage in auto-tetraploids. /. G., 32 , 
287-3x4. 


13—2 



3 88 BIBLIOGRAPHY 

Mather, K. (1937), The determination of position in crossing-over, II. The 
chromosome length-chiasma, frequency relation. Cytalogia Fujii, 
514-526. 

Mather, K. (1938), Crossing-over. Biol, Reviews, 13 , 252 292. 

Mather, K. and Lamm, R. ( 1935 ), The negative correlation of chiasma fre¬ 
quencies. Hcrcditas, 20 , 65-70. 

Mather, K., and Stone, L. H. A. (1933), The effect of X-radiation on somatic 
chromosomes. J, G., 28 ,1-24. 

Matsuda, H. (1928), On the origin of big pollen grains with an abnormal 
number of chromosomes. La Cellule , 38 , 215* 243. 

Matsuura, I-I. (1929), A bibliographical monograph on plant genetics. Toldo 
Imp. Univ. Press. 

Matsuura, H. (1931:), Genic analysis in A vena. A monograph. Jour , Fac . 
Sri., Hokkaido Imp. Univ,, 1 , 77-107. 

Matsuura, H. (1933), A bibliographical monograph of plant genetics—genic 
analysis. Hokkaido University. 

Matsuura, H. (1937), Chromosome studies on Trillium kamtschaticum, IV. 
Cytologia , 8, 178-194. 

May, H. G. (1917), Selection for higher and lower facet numbers in the bar-eyed 
race of Drosophila and the appearance of reverse mutations. Biol. Bull, 
33 , 361-395. 

Meister, G. K. (1921), Natural hybridisation of wheat and rye in Russia. 
J. Hered., 12 , 467-470. 

Mendel, G. (1865). See Bateson (1930). 

Metz, C. W. (1925), Prophase chromosome behaviour in triploid Drosophila, 
Genetics, 10 , 345-350. 

Metz, C. W. (1935), Structure of the salivary gland chromosomes in Sciara. 
J. Hered., 26 , 177-188. 

Metz, C. W., and Lawrence, E. G. (1937), Studies on the organisation of the 
giant gland chromosomes of Diptera. Quart. Rev. Biol., 12 , 135-151. 

Meurman, O. (1928), Cytological studies in the genus Ribes L. Hercditas, 11 , 
289-356. 

Meurman, O. (1929), Association of chromosome types in Aucuba japonica. 
Hereditas, 12 , x 79-209. 

Michaelis, P. (1926), Uber den Einfluss der K&lte auf die Kcduktionsteilung 
von Epilobium. Planta, 1 , 569-582. 

Michaelis, P, (1928), Uber die experimentelle Erzeugung heteroploider 
Pflanzen bei Epilobium und (Enothera. Biol Zent., 48 , 370-374. 

Michaelis, P. (1931), Entwicklunggeschichtlich-genetischo Untersuehungen 
an Epilobium I. Planta, 14 , 566-582. 

Michaelis, P. (1932), Ueber die Beziehungen zwischen Kern und Plasma, bei 
den reziproken verschieden Epilobium- Bastarden. Z.l.A . V., 62 , 95-102. 

Michaelis, P., and Bellingshausen, M. V. (1935), Entwicklunggeschichtlich 
-genetische Untersuehungen an Epilobium, VII. Jahrh . I Pm*. Bat,, 82 , 
45-64. 

Miyazawa, B. (1929), On the inheritance of length and breadth of leaves in 
barley. Bulletin of Miyazaki College of Agric. and Forestry, No. 1. 

Moffett, A. A. (1931), The chromosome constitution of the Pomoidem. Proc. 
Roy. Soc., Ser. B., 108 , 423-446. 

Moffett, A. A. (1932), Studies on the formation of multinuclear giant pollen 
grains in Kniphofia. J. G., 25 , 315-327. 

Moffett, A. A. (1936), The genetics of Tropceolum majus. J. G., 33 , 151-161. 

Mohr, O. (1923), A genetic and cytological analysis of a section deficiency 
involving four units of the AT-chromosome in Drosophila melanogaster. 
Z.I.A.V. , 32 , 108-233. 

Mol, W. E. de (1923a), Die Veredelung der holl&ndischen Variet&ten von 
Hyacinthus orientalis L. und damit in Zusammenhang : einige Ergebnisse 



BIBLIOGRAPHY 


389 

•fiber Selbstbesthubung und Kreuzbestaubung bei diploiden und hetero- 
ploiden Formen dieser Pflanzenart. Studio, Mendeliana , 161-168, Briinn. 

Mol, W. E. de (1923&), Duplication of generative nuclei by means of physio¬ 
logical stimuli and its significance. Genetica, 5, 225-272. 

Mol, W. E. de (1926), Heteroploidy and somatic variation in the Dutch 
flowering bulbs. Amer. Nat., 60 , 334-339. 

Mol, W. E. de (1927a), On chromosomal constrictions, satellites and nucleoli 
in Hyacinthus orientalis. Beitr. Biologie d. Pflanzen, 15 , 93-116. 

Mol, W. t E. de (192 76), Somatic segregation together with alteration of the 
chromosomal complement and of the nucleolar composition. Z.I.A.V., 
45 , 160-183. 

Mol, W. E. de (1928), Zusammenfassung der zytologischen und genetischen 
Ergebnisse des Versuchs der Duplizierung und Quadruplizierung von 
Sexualkernen bei Hyazinthen und Tulpen. Z.I.A.V. , 48 , 145-148. 

Mol, W. E. de (1929), The originating of diploid and tetraploid pollen-grains 
in Due van Tliol tulips {Tulipa suaveolens ) dependent on the method of 
culture applied. Genetica, 11 , 119-212. 

Montgomery, T. H. (1901a), The spermatogenesis of Peripatus (Perip atop sis) 
balfouri up to the formation of the spermatids. Zool. Jahrb. Abhand. 
Anat. und Ontog., 14 , 277-368. 

Montgomery, T. H. (19016), A study of the chromosomes of the germ cells 
of Metazoa. Trans. Amer. Philos. Soc., 20 , 154-236. 

Moore, C. W. (1917), Self-sterility. J. Hered., 8, 203-207. 

Morgan, L. V. (1925), Polyploidy in Drosophila melanogaster with the attached 
X-chromosomes. Genetics, 10 , 148-178. 

Morgan, L. V. (1931), Proof that Bar changes to not-Bar by unequal crossing- 
over. Proc. Nat. Acad. Sci., 17 , 270-272. 

Morgan, L. Y. (1933), A closed Y-chromosome in Drosophila melanogaster. 
Genetics, 18 , 250-283. 

Morgan, T. H. (1911), An attempt to analyse the constitution of the chromo¬ 
somes on the basis of sex-limited inheritance in Drosophila. Jour. Exper. 
Zool. , 11 , 365-413. 

Morgan, T. H. (1919), The physical basis of heredity. New York. 

Morgan, T. H., Bridges, C. B., and Schultz, J. (1937), Constitution of the 
germinal material in relation to heredity. Carnegie Inst. Wash. Yr. Bk., 
36 , 298-305. 

Morgan, T. FI., Bridges, C. B., and Sturtevant, A. H. (1925), The genetics 
of Drosophila. Bibliographia Genetica, 2 , 1-262. 

Morgan, T, H., Sturtevant, A. H., and Bridges, C. B. (1927), The constitu¬ 
tion of the germ material in relation to heredity. Carnegie Inst. Yr.-Bh., 
26 , 284-288. 

Morinaga, T., and Fukushima, E. (1931), Preliminary report on the haploid 
plant fo rice, Oryza sativa L. Proc. Imp. Acad. Tokio, 7 , 383—384. 

Muller, IT. J. (1914), A new mode of segregation in Gregory’s tetraploid 
Primulas. Amer. Nat., 48 , 508-512. 

Muller, IT. J. (1916), The mechanism of crossing-over. Amer. Nat., 50 , 193- 
221, 284-305, 350-366, 421-434. 

Muller, FI. ]. (1917), An (EnotheraASko, case in Drosophila. Proc. Nat. Acad. 
Sci., 3 , 619-626. 

Muller, FI. J. (1918), Genetic variability, twin hybrids and constant hybrids 
in a case of balanced lethal factors. Genetics, 3 , 422-499. 

Muller, H. J. (1923), A simple formula giving the number of individuals 
required for obtaining one of a given frequency. Amer. Nat., 57 , 
66—73. 

Muller, H. J. (1925a), The regionally differentiated effect of X-rays on 
crossing-over in the autosomes of Drosophila melanogaster. Genetics, 10 , 
470-508. 



BIBLIOGRAPHY 


39<> 

Muller, H. J. (19256), The standard errors of chromosome differences. 
Genetics, 10 , 509-524. 

Muller, H. J. (1925c)* Why polyploidy is rarer in animals than in plants, 
Amer, Nat,, 59 , 346-353. 

Muller, H. J. (1927), Artificial transmutation of the gene. Science , 66, 84-87. 

Muller, H. J. (1928), The measurement of gene mutation rate in Drosophila 
and its high variability and dependance upon temperature. Genetics, 
13 , 279-359. 

Muller, H. J. (1930a), CEnothera-likc linkage of chromosomes in Drosophila, 
J, G,, 22 , 335 - 357 * 

Muller, H. J. (19306), Types of visible variations induced by X-rays in 
Drosophila. J, G., 22 ,, 299-334. 

Muller, H. J. (1932), Some genetic aspects of sex. Amer, Nat., 66, 118-138. 

Muller, H, J. (1935), The origination of chromatin deficiencies as minute 
deletions subject to insertion elsewhere. Genelica, 17 , 237-252. 

Muller, H. J. (1935), The structure of the chromonema of the inert region 
of the .^chromosome of Drosophila. C.R.A.S., U.S.S.R., 1 , 658-660. 

Muller, H., etc. (1937), A further analysis of loci in the so-called inert 
regions of the .^-chromosome of Drosophila . Genetics, 22 , 87-93. 

Muller, H. J., and Altenburg, E (1928), Chromosome translocation pro¬ 
duced by X-rays in Drosophila. Anatom. Rec., 41 , 100, 

Muller, H. J., and Altenburg, E. (1930), The frequency of translocations 
produced by X-rays in Drosophila. Genetics, 15 , 283-311. 

Muller, H. J., and Gerschenson, S. M. (1935), Inert regions of chromosomes 
as the temporary products of individual genes. Proc. Nat. A cad. Sci ., 21 , 
69 - 75 * 

Muller, H. J., and Jacobs-Muller, J. M. (1925), The standard errors of 
chromosome distances and coincidence. Genetics, 10 , 509-524. 

Muller, H. J., and Kossikov, R. V. (1935), Invalidation of the genetical 
evidence for branched chromonemas. J. Hered., 26 , 305-317. 

Muller, H. J., and Painter, T. S. (1929), The cytological expression of 
changes in gene alignment produced by X-rays in Drosophila. Amer, 
Nat., 63 , 193-200. 

Muller, H. J., and Prokovieva, A. A. (1935), Tim structure of the chromo¬ 
nema of the inert region of the X-chromosome of Drosophila . C.R. A cad. 
Sci., U.S.S.R. I., 658-660. 

Muller, H. J., and Prokovieva, A. (1936), The individual gene in relation to 
the chromomere and the chromosome. Proc. Nat . Acad . Sci., 21 , 
16-26. 

Muller, H. J., Prokovieva-Belgovskaya, A. A., and Kossikov, K, V. 
(1936), Unequal crossing-over in the Bar mutant as a result of duplication 
of a minute chromosome section. C.R.A.S., U.S.S.R., 1 , 79. 

Mijntzing, A. (1930a), Outlines to a genetic monograph of the genus Galeopsis 
with special reference to the nature and inheritance of partial sterility. 
Hereditas, 13 , 185-341. 

Muntzing, A. (19306), Uber Chromosomenvermehrung in CaUopsis-Ktmz- 
ungen und ihre phylogenetische Bedeutung. Hereditas, 14 , 153-172, 

Muntzing, A. (1930s)* Einige Beobachtungen fiber die Zytologie der Speltoid- 
mutanten. Bot. Notis., 11 , 1. 

MfiNTAiNG, A. (1932a), Disturbed segregation ratios in Galeopsis caused by 
intraspecific sterility. Hereditas, 16 , 73-104. 

Muntzing, A. (19326), Cyto-genetic investigations on synthetic Galeopsis 
Tetrahit. Hereditas, 16 , 105-154. 

Muntzing, A. (1933)* Hybrid incompatibility. and the origin of polyploidy. 
Hereditas, 18 , 33-55. 

MfiNTZiNG, A. (1934)* Chromosome fragmentation in a Crepis hybrid. 
Hereditas, 19 , 284-302. 



BIBLIOGRAPHY 391 

Muntzing, A. {1936), The evolutionary significance of autopolyploidy. 
Hereditas, 21 , 263-378. 

Mutntzing, A. (1937), Polyploidy from twin seedlings. Cytologia, Fugii, 
211-227. 

Muntzing, A. (1938), Sterility and chromosome pairing in intraspecific 
Galeopsis hybrids. Hereditas, 24 , 117-188. 

Muntzing, A., Tometorp, G., and Petersen, K. M. (1937), Tetraploid barley 
produced by heat treatment. Hereditas, 22 , 401-407. 

Nagai, I., and Saito, S. (1923), Linked factors in soybeans. Jap. Jour. Bot 1 , 
121-136. 

Nagao, M. (1929), Karyological studies of the Narcissus plant. Mem. Coll. 

Sci., Kyoto Imp. Univ., Ser. B., 4 , 175-198. 

Nagao, Seijin (1929), Chromosome arrangement. VIII. The heterotype 
division of pollen mother cells in a triploid variety of the Narcissus plant. 
Mem. Coll. Sci., Kyoto Imp. Univ., Ser. B., 4 , 347-352. 

Nagao, Seijin (1930a), Chromosome arrangement in the heterotype division 
of pollen mother cells in Narcissus tazetta , L. and Lilium japonicum 
Thumb. Mem. Coll. Sci., Kyoto Imp. Univ., Ser. B., 5 , 163-182. 

Nagao, Seijin (19306), Karyological studies of the Narcissus plant. II. On 
the meiosis in the polyanthus narcissus, Narcissus tazetta, L. (Preliminary 
note.) Jap. Jour, of Genetics, 5 , 169-171. 

Navashin, M. (1925a), Morphologische Kernstudien der Crepis-Axten in 
Bezug auf die Artbildung. Zeits. f. Zellforsch. mik. Anat., 2 , 98—111. 
Navashin, M. (19256), Polyploid mutations in Crepis. Triploid and penta- 
ploid mutants of Crepis capillaris. Genetics, 10 , 583—592. 

Navaschin, M. (1926), Variabilitat des Zellkerns bei Crepis-Axten. in Bezug 
auf die Artbildung. Z. Zellf. Mikr. Anat., 4 , 171-213. 

Navashin, M. (1927a), Ein Fall von Merogonie infolge Artkreuzung bei 
Compositen. Ber. d. Deuts. bot. Ges., 45 , 115-126. 

Navashin, M. (19276), tJber die Veranderung von Zahl und Form der 
Chromosomen infolge der Hybridisation. Zeits. f. Zellforsch. mik. Anat., 
6,195-233. 

Navashin, M. (1928), " Amphiplastie eineneue karyologische Erschemung. 
Verh. d. V. internal. Kong. f. Vererb. Berlin, Z.I.A.V., Suppt., 2 , 1148- 
1152. . . . 

Navashin, M. (1929a), Studies on polyploidy. I. Cytological investigations 
on triploidy in Crepis. Univ. Calif. Pub. Agr. Sci., 2 , 377 “ 4 °°- 
Navashin, M. (19296), Unpublished data referred to by Babcock and Navashin, 
1930. , 

Navashin, M. (1930), Unbalanced somatic chromosomal variation m Crepis. 

Univ. Calif. Pub. Agr. Sci., 6 (3), 95-106. . . 

Navashin, M, (1931a), Spontaneous chromosome alterations m Crepis tetorum 
L. Univ. Calif. Pub. Agr. Sci., 6 (7), 201-206. . 

Navashin, M. (19316), Chromatin mass and cell volume in related species. 

Univ. Calif. Pub. Agr. Sci., 6 (8), 207-230. 

Navashin, M. (1931c), A preliminary report on some chromosome alterations 
by X-rays in Crepis. Amer. Nat., 65 , 243-252. 

Nawaschin, S. (1899). Resultate einer Revision der Befruchtungsvorgange 
bei Lilium Martagon und Fritillaria tenella. Bull. Acad. Imp. Sci., St. 

Nawaschin, S. (1927), Zellkerndimorphismus bei Galtonia candicans Des. und 
einigen verwandten Monokotylen. Ber. d. deuts. bit. Ges., 45 , 415-420. 
Nebel, B, R. (1930), Xenia and metaxenia in apples. Bull. New York State 

Agr, Exp. Sta., 170 ,3-16. . . , T t 

Nebel, B. R., and Trump, I. J. (i 93 2 )> Xenia and metazema m apples. II. 

Proc, Nat. Acad. Sci., 18 , 356-359. 



BIBLIOGRAPHY 


392 

Nebel, B. R., and Ruttle, M. L. (193G), Chromosome structure. IX. Trades- 
cantia reflexa and Trillium erreturn. Am, J . Bot., 23 , (>52-663. 

Xebel, B. R., and Ruttle, M. L. (1938), The cytological and genetieal 
significance of colchicine. J, Hered 29 , 1-9. 

Neethling, J. II. (1918), A preliminary note on dwarfs appearing in Gluyas 
Early (wheat) hybrids. South African Jour, Set,, 14 , 540 547. 

N£mec, B. (1904), t)ber die Einwirkung des Cldoralhydrats auf die Kern-mul 
Zellteilung. Pringsheims Jahrb. f. wins. Bot,, 39 , 645 730. 

N£;mec, B. (1910), Das Problem der Befruchtungsvorgihigo und aiulere 
zytologische Fragen. Berlin. 

Newman, L. H. (1912), Plant breeding in Scandinavia. Can. Seed Growers’ 
Assoc., Ottawa, Canada. 

Newman, L. H. (1923), Origin of false wild oats. Sci. Auric, (Ottawa), 3 , 
169-170. 

Newton, D. E. (1926), The distribution of spores of diverse sex on the 
hymenium of Coprinus lagopus. Ann. Hot., 40 , 891.917. 

Newton, W. C. F. (1926), Chromosome studies in Tulip a and some related 
genera. Jour. Linn, Sac ., London, 47 , 339-354* 

Newton, W. C. F. (1929), The inheritance of flower colour in Papaver Phams 
and related forms. J, G., 21 , 389-404. 

Newton, W. C. F. (1931), Genetieal experiments with Silenc Otites and related 
species. J. G. t 24 , iog-120. 

Newton, W. C. F., and Darlington, C. D. (1927), Meiosis in a triploid tulip. 
Nature , 120 ,13. 

Newton, W. C. F., and Darlington, C. D. (1929), Meiosis in polyploids. I. 
J, G., 21 , 1-15. 

Newton, W, C. F., and Darlington, C. D. (1930), Fritillaria Mdeagris ; 
chiasma formation and distribution. J. G. t 22 , x-14. 

Newton, W. C. F., and Pellew, Caroline (1929), Primula Kewcnsis and its 
derivatives. J. G., 20 , 405-467. 

Nilsson-Ehle, H. (1911c), Uber Falle spontanen Wegfallens eines Hem- 
mungsfaktors beim Plafer. Z.I.A.V., 5 , 1-37. 

Nilsson-Ehle, H. (1921a), Fortgesetzte Untersuchungen fiber Fatuoid- 
mutationen beim Plafer. Heriditas , 2 , 401-409. 

Nilsson-Ehle, PI. (19216), t)ber mtitmassliche partiello Heterogamie bei 
den Speltoidmutationen des Weizcns. Her edit as, 2 , 25-76. 

Nilsson, Ehle, H. (1927), Das Verhalten partiellcr Speltoidmutationen bei 
Kreuzung untereinander. Hereditas, 9 , 369-379. 

Nilsson-Leissner, G. (1925), Beitr&ge zur Gcnetik von 'Triticum Spelta und 
Triticum vulgare. I. Hereditas , 7 , 1-74. 

Nishiyama, Ichizo (1929), The genetics and cytology of certain cereals. I. 
Morphological and cytological studies on triploid, pentaploid and hexa- 
ploid A vena hybrids. Jap. Jour. Gen., 5 , 1-48. 

Nishiyama, Ichizo (1931), The genetics and cytology of certain cereals. II. 
Karyo-genetic studies of fatuoid oats with special reference to their 
origin. Jap. Jour. Gen., 7 , 49-101. 

Nixon, R. W. (1928), Immediate effect of pollen. J, Hered., 19 , 241-255. 

Noack, K. L. (1922), Entwicklung mechanischer Studien an panaschierten 
Pelargonien zugleich ein Beitrag zur Theope der Periklinalchmi&ren. 
Jahrb. f. IFfss. Bot., 61 , 459. 

Noack, K. L. (1924), Vererbungsversuche mit buntbl&ttrigen Pelargonien. 
Ver, Phys, Med. Ges, Wurzburg, 49 , 45-93. 

v ' ^ ber eine ^untblattrige Form von Borrago officinalis. 

Noguchi, Y. (1928), Cytological studies on a case of pseudogamy in the genus 
Brassica, Proc. Imp. Acad. Tokyo, 4 , 6x7-619. 



bibliography 


393 


( 1 9 2 3 )i Vcrerbungsversuche an (Enothera. II. Z.I.A.V 31 


Oehlkers, F 
201—260. 

Oehlkers, F. (1926), Erblichkeit und Zvtoloeie riniw 

(Enothera strigasa. Jahrb.f. Wiss Bot, 65 401-lT KreUZUngen mit 

Ouvio H. J'. (t<>35), Gonotical studios of monosomic types of Nicotiana 
labacnm. benches, 20,286-300 mcoimna 

ONSLOW, M n W. j {r^5), The anthocyamin pigments of plants, and Edition, 

bM ‘““ “ PK “ 

Oi'i-KNIIK.MKK II. (M)22), Koimungshemmende Substanzen in der Frucht von 
Solan um Lympirxiann und in anderen Pflanzen. Site. A had Wiss 
v tenn., 131 , 59 <>5, 279-312. 

° UU MXelSA U 36"i S -59'“ nglin Ubcr die Sexualitat bei Phyeomyces nitens. 

Ovkrubkk, J. VAN (urn), The growth hormone and the dwarf type of growth 
m corn, Prop. Nat. A cad. Sa., 21 , 292-299. r 6 

Ovkrbkkk, J. VAN (1038), Lazines^ in maize due to abnormal distribution of 
growth hormone. J , Hered., 29 , 339-341. 

Oveurem, C. van (1920), Gbor b or men mit abweichender Chromosomenzahl 
bei (hnothera. Hot. Zentralb ., 38 , 73-113. 

Owen, F. V. (10 M), Inheritance studies in'soybeans. III. Genetics 13 
50.-no. * ’ 


Fainter, T. S. (t 930 > A. cytological map of the A r -chromosome of Drosophila 
nielanoguster. Science, 73 , 647-648. 

Painter, T. vS. (i<> 34 )» The morphology of the A-chromosome in salivary 
glands of Drosophila mclanogaster and a new type of chromosome map for 
this element. Genetics , 19 , 448-469. 

Painter, T. S, ( 1 035), The morphology of the third chromosome in the salivary 
gland of Drosophila mclanogaster and a new cytological map of this 
element. Genetics, 20 , 301-326. 

"Painter, T. S., and Muller, H. J. (1929), The parallel cytology and genetics 
of induced translocations and deletions in Drosophila. J. Hered 20 , 
287298. 

Painter, T,, and Stone, W. (1935), Chromosome fusion and speciation in 
Drosophila, Genetics, 20 , 327-341. 

Parker, j. H. (19-24)1 A genetic study of aberrant and false wild types in 
Kanota oats, Agr. Exp. Sta. Manhattan, Kansas, Directors' Report, 38-41. 

Parnell, F. K, (1921), Note on the detection of segregation by examination 
of the pollen of rice, J . G., 11 , 209-212. 

Patterson, J. T. (1930), Proof that the entire chromosome is not eliminated 
in tile production of somatic variations by X-rays in Drosophila. Genetics, 
15 , 141 149. 

Patterson, j, T., and Muller, H. J. (1930), Are “ Progressive ” mutations 
produced by X-rays ? Genetics, 15 , 495 - 577 - 

Pattenson, J. T. and Sucre, M. L. (i934), Crossing-over induced by X-rays 
in Drosophila males. Genetics, 19 , 223-236. 

Payne, F. (1924), Cross-over modifiers in the third chromosome of D. melano¬ 
gaster, Genetics, 9 , 327 -341. 

Pease, M. S. (1921), Some recent work on Avena. Z.I.A.V., 27 , 142-146. 

Pkllew, C. (1913), Note on gametic reduplication in Pisum. J. G. , 3 ,105-106. 

Pellkw, C. (192*8), Further data on the genetics of " Rogues " among culinary 
peas (Pisum sativum). Verh. d. V. internat. Kong. f. Vererb., Berlin, 
‘Z.I.A.V., Suppt, 2 ,1157-1181. 

Pellkw, C., and Sansomk, E. R. (1931), Genetical and cytological studies on 



394 


BIBLIOGRAPHY 


the relations between Asiatic and European varieties of Pisum sativum. 
J. G., 25 , 25-54. 

Pellew, C., and Sverdrup, A. (1923)* New observations on the genetics of 
peas ( Pisum sativum). J. G., 13 , 125-131. 

Percival, J. (1921), The wheat plant. A monograph. London. 

Percival, John (1926), The morphology and cytology of some hybrids of 
AEgilops ovata L.p X wheats <$. J. G., 17 , 49-68. 

Philip, U. (1935), Crossing-over between X and Y-chromosomcs in Drosophila 
melanogaster, J. G., 31 , 341-352. 

Philip, U. (1938), Mating systems in wild populations of Dcrmcstes vulpinus 
and Mus musculus , J. G., 36 , 197-213. 

Philiptschenko, J. (1929), Bin neuer Fall von Spcltoidmutationen beim 
Weizen. Z.I.A.V., 52 , 406-413. 

Philp, J. (1932), Fatuoid or false wild oats. Nature, 129 , 796. 

Philp, J, (1933), The genetics of Papaver Rhoeas and related forms. J. G,, 28 , 


Philp, J. (1934), Note on the cytology of Saxifraga granulata, S. rosea and 
their hybrids. /. G., 29 , 197-201. 

Philp, J. (1935), Aberrant albinism in polyploid oats. J. G., 30 , 267-302. 
Philp, J. (1938), Aberrant leaf-width in polyploid oats. J. G. t 36 , 405-431. 
Philp, J., and Huskins, C. L. (1931), The cytology of Matthiola incana K. Br., 
especially in relation to the inheritance of double flowers. J. G., 24 , 


359-404* * , , 

Phipps, I. F. (1929), Inheritance and linkage relations of vxrcscent seedlings in 
maize. Cornell TJniv. Agric. Expt. Sta. Mem,, 125 , 

Plough, H. (1917), The effect of temperature on crossing-over in Drosophila, 
J. Exper. Zool. , 24 ,147-209. 

Plough, H. (1921), Further studies on the effect of temperature on crossing- 
over. J. Exper. Zool., 32 , 182-202. 

Poole, Charles F. (1931), The interspecific hybrid, Crepis rubra X C. fcetida , 
and some of its derivatives, I. Univ. Calif. Pub. Agr, Sci., 6, 169-200. 
Powers, L. (1936), The nature of the interaction of genes affecting four 
quantitative characters in a cross between Hordeum deficiens and Hordeum 
vulgare. Genetics, 21 , 298-420. 

Prankerd, T. L. (191 5), Notes on the occurrence of multinuclcate cells. Ann. 
Bot,, 29 , 599-604. 

Prell, J. D. (1921), Das Problem der Unbefruchtbarkeit. Naturwissenschaft, 
20, 440-446. 

Prell, H. (1923), Die Theorie der Rhegmatypie. Genetica, 5 , 177-190. 
Price, H. L., and Drinkard, A. W. (1908), Inheritance in tomato hybrids. 

Virginia Agric. Exp. Sta. Bull., 177 , 17-53. 

Pridham, J. T. (1924), Purity of seed oats. Agr, Gaz. N.S. Wales, 35 , 479-480, 
Prokofieva-Belgovskaya, A. A. (1935), The structure of the chromocentre. 
Cytologia, 6, 438-443. 

Punnett, R. C. (1925), Lathyrus odoratus, Bibliographica Genetica, 1 , 69-81. 
Punnetx, R. C. (1927), Linkage groups and chromosome number in Lathyrus . 
Proc. Roy. Soc., 102 , 236-238. 


Rancken, G. (1934). Zytologische Untersuchungen an einigen wirtschafilich 
wertvolien Wiesengrasern. Acta Agr alia Fennica, 29. 

Randolph, L. F. (1928), Chromosome numbers i nZea Mays L. Mem. Cornell 
Univ. Agr. Exp. Sta., 117 , 44. 

Randolph, L. F. (1932), Some effects of high temperature on Polyploidy and 
other variations in maize. Proc. Nat. Acad. Sci., 18 , 222-229. 

Randolph, L. F. (1935), Cytogenetics of tetraploid maize. J. Agr. Res,, 50 , 
591-605. 



bibliography 


395 


B ' (I926 )' Po1 ^ - *- Mays L. 

EAS X!^;,s J 19 I I 3^’'34o enetiCalIy Changed linka S e vataes “ «*"». H. 

'l! I9 i&iKlo“6wto hetitan “ 0f quantitative barters 

Rau, Venkata (1923), Inheritance of some morphological char acters in 
Crcpis capillans. Untv. Calif. Pub. Agr. Set., 2 (7) 21I-2A2 * m 

Redtield H (1930), Crossing-over in the third chromosome of'triploids of 
Drosophila melanogaster. Genetics, 15 205-252 p 

RENNKit, O (19x4)- Befruchtung und’ Embryobildung bei CEnothera 
Lamarcktana und emigen verwandten Arten. Flora, 107 , iis-iso 

Renner, 0 . (x917), Versuche iiber die gametische Konstitution der CEnotheren. 
ZJ.A. V 18, 123—200, 

Renner, O. (><»<<)«). tlber Sichtbarwerden der Mendelschen Spaltung im 
Pollen von thnotherabastarden. Bor. d. deuts. lot. Ges 37 iao-ia? 

Renner, O, (19196). /-ur Biologic und Morphologie der m&nn’lichen Haplontea 
cxmgor (Lnotheren. Zeit. f. Bot 11 , 306-380. 

Renner, O. (urna), Das Rotnervcnmerkmal der CEnotheren. Ber. d deuts 
hot. Ges., 39 , 264-270. 

Rennxsk, O. (19216), Heterogamie im weiblichen Geschlecht und im Embryo 
sackentwieklung bd den CEnotheren. Zeit. f. Bot 13 609-621 

Renner, O. (1922), Eiplasma und Pollenschlauchplasma als Vererbung- 
striiger bei den CEnotheren. ZJ.A. V., 27 , 235-237. 

Renner, O. (1925), Untersuchungen iiber die factorielle Konstitution einiger 
komplexhoterozygotischen CEnotheren. Bibliotheca Genetica, 9, 1-168. 

Renner, O. (1927)1 Uber eine aus CEnothera suaveolens durch Bastardierung 
gewonnene homozygotische lutescens- Form, Hereditas, 9, 69-80. 

Renner, O. (1928), Uber Koppelungswechsel* bei CEnothera. Verk. d. F. 
intermit. Kong. /. Verevb., Berlin, Z.I.A.V., Suppt., 2 , 1216-1220. 

Renner, O. (1929), Artbastarde bei Pflanzen. Handbuch der Verevb. Wiss., 2, 
Bolmtrilger, Berlin. 


Renner, C)., and Clkland, R. E. (1933), Zur Genetik und Cytologie der 
CEnothera chicagamsis und ihrer Abkommlinge. Z.I.A.V., 66, 275-318. 

Rhoades, M. M. (1931), Linkage values in an interchange complex in Zea. 

*Proc. Nat. Acad , Sci., 17 , 694-698. 

Rhoades, M. M. (1932), The genetic demonstration of double strand crossing- 
over in Zea Mays. Proc. Nat. Acad, Sci., 18 , 481-484. 

Rhoades, M, M. (1933), A secondary trisome in maize. Proc. Nat. Acad. Sci., 
19 , x031-1038. 

Rhoades, M. M, (1933), An experimental and theoretical study of chromatid 
crossing-over. Genetics, 18 , 535-555. 

Rhoades, M. M. (1933), A cytological study of a reciprocal translocation in 
Zea. Proc. Nat . Acad. Sci., 19 , 1022-1031. 

Rhoades, M, M. (1933), The cytoplasmic inheritance of male-sterility in Zea 
Mays. J. G., 27 , 71-93. 

Rhoax>ES, M, M, (193^)» Effect of the Dt gene on the mutability of the a x 
allele in maize. Genetics, 23 , 377-397. 

Rhoades, M, M, (1938), Origin of secondary trisomics in maize. Genetics, 26 , 
abst. 

Richardson, Eva (1929), A chromosome ring in Pisum. Nature, 124 , 
57 8 ' 

Richardson, M. M. (* 035 )* Meiosis in Crepis, I. & II. J. G., 31 , xoi-143. 

Richardson, M. M. (1936), Structural hybridity in Lilium Martagon album x 
L. Hansoni, J. G. t 32 , 411-450. 

Riley, H. P. (1936), The genetics and physiology of self-sterility in the genus 
Cap sella. Genetics, 21 , 24-39. 



39 6 BIBLIOGRAPHY 

Robbins, R. B. (1918), Some applications of mathematics to breeding 
problems. III. Genetics , 3 , 375-379. 

Robertson, D. W. (1929), Linkage studies in barley. Genetics , 14 , 1-36. 

Robertson, D. W., and Deming, G. W. (1930), Genetic studies in barley. 
J. Hered ., 21 , 283-288. 

Robertson, W. R. B. (1915), Chromosome studies. If. Inequalities and the 
deficiencies in homologous chromosomes. Their beating upon, synapsis 
and the loss of unit characters. Jour. Morph., 26 , too 140. 

Robertson, W. R. B. (19x6), Chromosome studies. III. Taxanomic relation¬ 
ships shown in the chromosomes of TcttigicUu and Acridithe. Jour. 
Morph., 27 ,179-330. 

Rosenberg, O. (1909), Cytologische und morphologische Studieu an Drama 
longifolia X rotundifolia. K. Sv. Vet . A had. 11 until., 43 , 1.64. 

Rosenberg, G. (1917), Die Reduktionsteilung und ihre Degeneration in 
Hieracium. Svensh. Bot. Tidshr. , 11 , 145-206, 

Rosenberg, O. (1927), Die Semiheterotypische Teihmg und ihre Bedeutung 
fur die Entstehung verdoppelter Chromosomenzahlen. Hereditas, 8, 
305 ~ 338 . 

Rosenberg, O. (1928), Chromosomenzahlen und Chromosomenverhilltnisse in 
Crepis. Svensh. Bot. Tidshr., 14 , 319-326. 

Ruckert, J. (1892), Zur Entwicklungsgesohichtc des Ovarialeies bei Selachiern. 
Anat. Am., 7 , 107-158. 

Rudloff, F. K. F. (1929), Zur Kenntnis dor CEnothera purpurata und Uinothera 
rubricaulis. Z.I.A.V., 52 , 191-235. 

Rumker, K. von (19x3), Gber Roggenzfichtung. Ber. fur PJlanzcnsiicht, 3 , 
8-28. 

Ruttle, M. L. (1928), Chromosome number and morphology in Nicotiana. XL 
Diploidy and partial diploidy in root tips of Tabacum haploids. Univ. 
Calif. Pub. Bot., 11 , 2x3-232. 

Ruttle, M. L., and Nebel, B. R. (1937), Chromosome structure, XL Hor- 
deum vulgare L. and Secale cereale L. Cytologia Fujii , 553 -508. 

Rybin, V. A. (1927), Polyploid hybrids of Nicotiana Tabacum L. X Nicotiana 
rustica L. Bull. Appl. Bot. (Leningrad), 17 , 235-240. (English summary.) 

Rybin, W. (1929), t)ber einen allotctraploiden Bastard von Nicotiana 
Tabacum X N. sylvestris. Ber. d. deuts. bot. Ges., 37 , 385-394. 


Sakamura, T. (1920), Experimentelle Studien fiber die Zell und Kernteilung 
mit besonderer Rficksicht auf Form, Grfisse und Zahl der Chromosomen. 
Jour. Coll. Sci. Imp. Univ. Tokyo, 39 , 11-221. 

Sakamura, T., and Stow, I. (1926), Dbor die experimented veranlasste 
Entstehung von keimffihigen Pollenkornern mit abweichendcn Chromo¬ 
somenzahlen. Jap. Jour, of Bot., 3 , iix-137. 

Samuel, G., and Piper, C. S. (1928), Greyspeck Mn deficiency disease of oats. 
Jour. Agric. S. Australia, 696-705, 789-799. 

Sando, C., Milner, R. T., and Sherman, M. (1935), Pigments of the mende- 
lian colour types in maize. J. Biol. Chem., 109 , 203-211. 

Sansome, E. R. (1932), Segmental interchange in Pisum sativum , Cytologia 
3 , 200-219. 

Sansome, E. R. (1937), Segmental interchange lines in Pisum sativum . 
Nature, 139 ,113. 

Sansome, E. R. (1938), A cytological study of an F x between Pisum sativum 
and P. humile and of some types from the cross. J. G. r 36 , 469-501. 

Sansome, F. W. (1930a), Graft hybrids and the induction of polyploids in 
Solanum. Ninth Internat. Hort. Cong. Rep., 92. London, 

Sansome, F. W. (1930&), Some remarks on the physiology of sexuality in 
plants. Proc. II. Inter. Congr. Sex. Research , 248-257. 



BIBLIOGRAPHY 


39 7 


Sansomb, F. W (1033). Chromatid segregation in Solatium Lycopersicum. 

Sansomb, I;’. W. (HJ3<>), Some experiments with Geranium species, i G « 
359 363. * J ' ’* ' 

Sansomb, V. W. (x 937 ). Sex determination in Sife»a oiifcs and related species 
/, G'., 35, 3X7 39b. , r 

Sansome, l‘\ W (| ami Zilva, S. S. (1933). Polyploidy and Vitamin C X 
JUochem. JZ 7 f 1935 . 

SAPfemN, A, A,, and SAnhinN, L. A. (1928), Hylogenetische Untersuchungen 
an Wemui. I crh. d. V, internal, Kong. f. Vererb ., Berlin, ZJ.A.V. Suppt 
2, 1254 1202. ‘ * '* 

SAPftniN, L. A. (rc»2«), Mylogonetics of durum wheat. Bull. Abb. Bot and 
Plant Breed,, 19 , 167-2-2*1. 


Sarana, M. O. Ainphidiploider Spross vonF x glauca-Tabacum. Abt u 

Geneti h. u. Kuril lung von Tabalt, Kramador , 110 ,, 221-224. 

Saunders, F. H. (I'Mt), Further experiments on the inheritance of '* double 
ness ** and other characters in Suds. J. G., 1 , 303-376. 

Saunders, K. K. (1013), Double Jlowers. J, Roy. Hort. Soc., 38 , 469-482. 
Saunders, K. H. (191b), On sol<‘dive partial sterility as an explanation of the 
behaviour of the double-throwing Stock and Petunia. Amer. Nat., 50 , 
48b 498, 

Saunders, K. K. (1924)* Sap colour and surface character inheritance in 
Matt hi ola i nr ana. J. G ,, 14 , 100-114. 

Saunders, K. \i . (i 928*1.), Further studies on the inheritance of Matthiola 
ittcuna. 11 . Blast id colour and doubling. J. G., 20 , 53-77. 

Saunders, K, R. (1028/;), Matthiola, Bibliographia Genetica, 4 , 141-170. 

Saunders, 11 a/,el (1031), Conjugation in Spirogyra. Ann. Bot., 45 , 233-256. 

Sax, K. (1922), Sterility in wheat hybrids.il. Chromosome behaviour in 
partially sterile hybrids. Genetics, 7 , 513-552. 

Sax, K. (1923), The relation between chromosome number, morphological 
characters, and rust: resistance in segregates of partially sterile wheat 
hybrids. Genetics, 8, 301-321. 

Sax, K. (1923) The association of size differences with seed coat pattern and 
pigmentation in Phascolus vulgaris. Genetics, 8, 552-560. 

Sax, K. (1930)1 Chromosome structure and the mechanism of crossing-over. 
Jour, Arnold Arboretum, 11 , 193-220. 

Sax,* K. (1931), Crossing-over and mutation. Proc. Nat. Acad. Sci., 17 , 601- 


9o 3 , 

Sax, K. (1032), The oytoiogical mechanism of crossing-over. J. Am. Arb„ 13 , 
1H0 213. 

Sax, K. (103b), Chromosome coiling in relation to meiosis and crossing-over. 
'Gaieties, 21 , 324 -338. 

Sax, K., and (Jaines, K. F. (1924), A genetic and cytological study of certain 
’hybrids of wheal species. Jour. Agr. Res., 28 , 1017-1032. 

Sax, lv., and Sax, II. J. (1924), Chromosome behaviour in a genus cross. 

’ Gaieties , 9 , 454 4 ^ 4 - . „ „ . 

Sett AREN er, J. H. (t 928), Ectogony or metaxema ? Science, 68, 274. 

ScittCK R ( 19 W), 1 hilvrsuehiingon iiber Koppelungen bei Antirrhinum majus. 

kilppeliingeu bri Hlaltfactoren. /. ZJ.A.V., 57 , 84-106. 

Schick, R., ami Kuckuck, H. (1930), Die Erbfaktoren bei Antirrhinum majus 
uml ihre Heziehnung. ZJ.A.V., 86,51-83 
Sculohswu, L. A. (»935), Beitrage zu emer physiologischen Theone der 
plasmatisehm Vererbungs. ZJ.A.V., 69 , 

Schneider, A. (1873), Untemuchuagon tiber Plathelmmthen. Ber. Oberhess. 
Gcs. Natur - u lieilhunde , 14 , 69-140. 

Schultz, l. (1930), Variegation in Drosophila and the inert chromosome 
regions. Proc. Mat. Acad . Set,, 22 , 27-33* 



BIBLIOGRAPHY 


398 

Schultz, J., and Dobziiansky, T. (1934), The relation, of a dominant eye 
colour in Drosophila melanogastcr to the associated chromosome rearrange¬ 
ment. Genetics, 19 , 344-364. 

Schwarz, W. (1926), Die Zygoten von Phycornyces Blakeskeanus . Unter- 
suchungen fiber die Bedingungen ihrer Bildung und Keimung. Flora 
N.F., 21 ,1-39. 

Schweitzer, H. D. (1935), An analytical study of crossing-over in Drosophila 
melanogastcr. Genetics , 20 , 497-527. 

Scott-Moncrieff, R. (1930), Natural anthocyanin pigments. I. The 
magenta flower pigment of Antirrhinum majus. lHochcm. Jour., 24 , 
753-766. 

Scott-Moncrieff, R. (1936), A biochemical survey of some Mendelian factors 
for flower colour. J. G. , 32 , 117-170. 

Sears, E. R. (1937), Cytological phenomena connected with self fertility in the 
flowering plants. Genetics, 22 , 130-181. 

Seiler, J. (1922), Geschlechtschromosomcn Untersuchungon an Psychiden, 
III. Chromosornenkopplungen bci Solenohia pineti. Eine zytologische 
Basis ffir die Factorenaustauschhypothese. Archiv. f. Zelljorsch ,, 16 , 
172-216. 

Seiler, J. (1926), Die Chiasmatypie als Ursache des Factorenaustausches. 
Z.I.A.V., 41 , 259-284. 

Serebrovsky, A. S. (1927), The influence of the 41 Purple " gene on the crossing- 
over between " black ” and " cinnabar ” in D . melanogastcr , J, G., 18 , 
I 37 -I 75 - 

Serebrovsky, A. S., Ivanova, O. A., and Ferry, L. (1929), On the influence 
of the genes y, l x and N x on the crossing-over close to their loci in the 
sex chromosome of Drosophila melanogastcr. J. G. t 21 , 287-314. 

Sharp, L. W. (1925), The factorial interpretation of sex determination. La 
Cellule , 35 , 193-235. 

Shear, C. L., and Dodge, B. O. (1927), Life histories and heterothallism in the 
bread mould fungus of the Monilia sitophylla group. J. Agr . Res., 34 , 
1019-1042. 

Sheffield, F. M. L. (1924), Chromosome linkage in CEnothera with special 
reference to some F t hybrids. Proc. Roy. Soc. , B., 105 , 207-230. 

Shimotomai, N. (1927), XJber Stdrungen der meiotischen Teilungen durch 
niedrige Temperatur. Bot. Mag. Tokyo , 41 , 149-160. 

Shull, G. H. (1914a), Duplicate genes for capsule-form in Bursa bursa - 
pastoris. Z.I.A.V., 12 , 97-149. 

Shull, G. H. (1914&), Sex-limited inheritance in Lychnis dioica L. Z.I.A.V ., 
12, 265-302. 

Shull, G. H. (1923), Linkage with lethal factors, the solution of the CEnothera 
problem. Eugenics, Genetics and the Family, 1 , 86-99. 

Shull, G. H. (1926), Inherited pollen sterility in shepherd's purse. Mem. N. Y . 
Hort. Soc., 3 , 353-368. 

Shull, G. H. (1928a), A new gene mutation (mut, bullata) in CEnothera 
Lamarckiana and its linkage relations. Verh. d. V. internat. Kong. /. 
Vererb., Berlin, Z.I.A.V., Suppt. 2 , 1322-1343. 

Shull, G. H. (19286), CEnothera cytology in relation to genetics. Amer . Nat . 
62 , 97-114. 

Shull, G, H. (1929)» An unexpected association of factors belonging to three 
linkage groups in CEnothera and its explanation. Proc, Nat . Acad . Sci., 
15 , 268-274. 

Shull, H. G. (1930), The first two cases of crossing-over between old gold 
and Bullata factors in the third linkage group of CEnothera . Nat , Acad . 
Sc., 16 ,106-109. 

Siegli^ger, J. B. (1924), Seed colour inheritance in certain grain-sorghum 
crosses. Jour. Agr . Res., 27 , 53-64. 



BIBLIOGRAPHY 


399 


Sigfusson, S. J. (1989). Correlated inheritance of glume colour, barbing of 
awns, and length of rachilla hairs in barley. Scientific Agriculture, 9. 

Simonkt, M. (1934), Nouvclles recherches cytologiques et g( 5 n 4 tiques chez 
Ics If is* J he sen, I* acuity Science, Parts 

SIMONET, M (1934). Nouvelies riicherches cytologiques et g 6n4tiques chez les 
Ins. Ann. des Set, Nat. Bat., ioth Ser., 231-383 u 

Swnott, E. W„ and Blakksi.ee A. F. (1922), Structural changes associated 
with factor mutations m Datura. Proc. Nat. Acad Sci 8 17-iQ 

Sinkott, E. W., and Dunn, L C (1935) The effect of genes'on the develop- 
mont of size and form. Ihol, Rev., 20 . * 

Sinks, M. J. (1925), The inheritance of seed weight in the garden bean 
(Phaseolus vulgaris). Oenehca, 7, 119-169. 

Sirks, M. J. (192<«t), Further data on the self and cross incompatabilitv of 
Vcrhascum phtvmceum . Genetica, 8, 335-367. 

Sirkk, M. J. (1020/1), Mendcdiaii factors in Datura. I. Certation. Genetica 8. 
485—500. 

Sirkk, M. J. (1031). Phumiatic influences upon the inheritance in Vida Faba. 
Proc. Ktminklijhe. Akatl. v. Wctcnschappen Amsterdam, 34 , Nos 789 

Sirks, M. J. (i <>52), Bcitrago zu einer GonotypischenAnalyseder Ackerbohne 
Vicia baba. Nijhojf. 

Sirks, M, J. (1938), Plasmatic inheritance. Bot. Rev., 4 , 113-131. 

Smith, S. G, (1935)1 Chromosome fragmentation produced by crossing-over in 
Trillium erectum . J. G., 30 , 227-232. 

Snow, R. (1924), Counted grain pollinations in MattHola. Amer. Nat., 58 , 
316-321. 

Snow, R. (19-25), Germination tests with pollen of Stocks. J, G., 15 , 
237-243. 

S 6 , M. (192 *), Inheritance of variegation in barley. Jap. Jour. Gen., 1 ,21-36. 

S5MME, A. S. (r 93 °)> Genetics and cytology of the tetraploid form of Primula 
sinensis . J. G, t 23 , 447-509. 

Spillmann, W. J,, and Sands, W. J. (1930), Mendelian factors in the cowpea. 
Papers Mich. Acad. Sci,, Arts and Letters, 11, 249-283. 

Stabler, L, j. (1926), The variability in crossing-over in maize. Genetics , 11 , 


I- 37 - 

Stabler, L, T. (1929)* Chromosome number and the mutation rate in Avena 
and Trittcum , Proc. Nat. Acad. Sci., 15 , 876-88!. 

Stabler, L. J. (1930), Recovery following genetic deficiency in maize. Proc. 
Nat. Acad. Sci., 16 , 714-720. 

Stabler, L. J. (1933), On the genetic nature of induced mutations in plants, II., 
A haplo-viable deficiency in maize. Univ. Miss. Agric. Bull., 204 . 
Stanton, T. R., and Coffman, F. A, (1929), Yellow-kernelled fatuoid oats. 
J. Htired ,, 20 , 67-70. 

Stanton, T. R., Coffman, F. A., and Wiebe, G. A. (1926), Fatuoid or false 
wild forms in Fulghum and other oat varieties. J. Hered., 17 , 153-165, 

213-226. 

Stern, C. (1926a), Yererbung im Y chromosom -von Drosophila melanogaster. 
Biol . Zmtralbl., 46 , 344-348. 

Stern, C. (19266), Rine neue Chromosomenaberration von Drosophila melano¬ 
gaster und ihre Bedeutung ftir die Theorie der linearen Anordnung der 
Gene. Biol. Zentralbl , 46 , 505-508. 

Stern, C, (1926s), An effect of temperature and age on crossing-over in the 
first chromosome of Drosophila melanogaster. Proc. Nat. Acad . Sci., 12 , 
530—532, 

Stern, C. (1927a), Bin genetischer und zytologischer Beweis fur Yererbung 
im Y Chromosom von Drosophila melanogaster. Z.I.A.V., 44 , 187-231. 
Stern* C. (19276), ttber Chromosomenelimination bei der Taubfliege. Natur- 
wissen t 15 , 740-746. 



BIBLIOGRAPHY 


400 

Stern, Curt (192S), Fortsehriite der Chr omosomen t heoric dcr Vererbung. 
Ergebnisse der Biologic, 4 , 205-359. 

Stern, C. (1929 a), Untersuchungen iiber Aberrationen des y-Chromosoms von 
Drosophila melanogaster. Z.I.A.V., 51 , 253-353. 

Stern, C. (1929&), Uber die additive Wirkung multipier Allele. Biol, Zentralbl., 
49 , 261-290. 

Stern, C. (1931), Zytologische-genetische Untersuchungen als Bewcise fitr 
Morganisclie Theorie des Factorenaustausches. Biol. Zentralbl 51 , 547- 
5S7. 

Stern, C. (1936), Somatic crossing-over and segregation in Drosophila 
melanogaster. Genetics, 21 , 625-730. 

Stern, C., and Doan, D. (1935), A cytogenetic demonstration of crossing-over 
between X and ^-chromosomes in the male of Drosophila melanogaster, 
Proc. Nat. Acad. Sci., 22 , 649-654. 

Stevens, W. L. (1936), The analysis of interference. J. G., 32 , 51-64. 

Stevenson, F. J. (1930), Genetic characters in relation to chromosome 
numbers in a wheat species cross. Jour, Agr. Res., 41 , 161-179. 

Stomps, Th. J. (1910), Kerndeeling en synapsis bij Spinacia oleracea L. Diss., 
Amsterdam, 162 (German rdsumd under the title) : Kernteilung und 
Synapsis bei Spinacea oleracea, Biol. Zentralbl., 31 , 257-309,. 

Stomps, T. J. (1930a), Uber Parthenogenesis infolge Fremdbefruchtung 
bei CEnothera. Z.I.A.V., 54 , 243-245. 

Stomps, T. J. (1930&), Uber parthogenetische CEnotheren. Ber. d. deuts. hot. 
Ges., 48 , 119-126. 

Stone, L. H, A. (1933), Effect of X-radiation on the mitotic division of certain 
plants. Ann. Bot., 47 , 8x5-816. 

Stone, L. H. A., and Mather, K. (1932), The origin and behaviour of 
chiasmata. IV. Diploid and tetraploid Hyacinthus. Cytologia, 4 , 
16-25. 

Stout, A. B. (1922), Sterilities in lilies. J. Hercd., 13 , 369-373. 

Stout, A. B. (1923), The physiology of incompatibilities. Amcr . Jour. Bot., 
10 , 459-461. 

Stow, I. (1926), A cytological study on the pollen sterility in Solanum 
tuberosum L. Proc. Imp. Acad., 2 , 426. 

Strasburgbr, E. (1878), Uber Befruchtung und Zellteilung. Jenaische 
Zeitschr. f. Naturwiss., 11, 435-536. 

Strasburger, E. (i 888), Uber Kern-und Zellteilung im Pflanzenreiche, nebst 
einem Anhang uber Befruchtung. Histolog. Beitr., 1 , 258. 

Strasburger, E. (1894), The periodic reduction of the number of the chromo¬ 
somes in the life-history of living organisms. Ann. Bot., 8, 281-3 x6. 

Strasburger, E. (1907), uber die Individualit&t der Chromosomen und die 
Pfropfhybriden-Frage. Pringsheims Jahrb.f. wiss. Bot,, 44 , 482-555. 

Strasburger, E. (1909), Zeitpunkt der Bestimmung des Geschlechts, 
Apogamie, Parthenogenesis und Reduktionsteilung. Histol. Beit., 7 , 
Jena. 

Strasburger, E. (1910), Uber geschlechtsbestimmende Uraschen. Jahrb. 
wiss. Bot., 48 . 

Stroman, G. N. (1924), The inheritance of certain chlorophyll characters in 
maize. Genetics, 9 , 493-512. 

Sturtevant, A. H. (1913) > The linear arrangement of six sex-linked factors in 
Drosophila as shown by their mode of association. lour, Bxper, Zool., 
H 43 - 59 . 

Sturtevant, A. H, (1919), Genetics of Drosophila simulans. Pub. Cam. Inst, 
Wash., 397 ,. 

Sturtevant, A. H. (1925), The effects of unequal crossing-over at the “ Bar " 
locus in Drosophila. Genetics, 10 ,117-147. 

Sturtevant, A. H. (1926), A cross-over reducer in Drosophila melanogaster 



BIBLIOGRAPHY 


401 


due to inversion of ti section of the third chromosome. Biol. Zentral 46 
(HJ 7 7 02. ** 9 

Stuktuvant, A. \\. (><>■!«). A further study of the so-called mutations at the 
I to r locus of l b osophila. Genetics, 13 , 401—409 

ST 0 KTKVANT, A. \L( The genetics of Drosophila simulans. Carnegie 


Stu ktkvant. A. II. (K131), Cieuetic ami cytological studies on (Enothem. I. 

z .1 .a . *.» «>y* 3**,$ ,$'’ 0 , 

Stuutkvant a. II. (10.(0), I’referential[segregation in triplo-IV. females of 
Drosophila melanogaster. (tenches, 21 , 444-464 

Stuktkvant. A. II., and Hbaih.b, «. W. (1935), The relations of inversion in 
the A*(Juomosouu‘ of Drosophila melanogastar to crossing-over and. 
disjunction, Genetics, 21 , 554 603. 

Stuutkvant A. II and I )oh/,iianskv] T. (iy 3 o). Reciprocal translocations in 
Drosophila and their bearing on Uinothera cytology and genetics Proc 
Nat, A tad, Sti 16 , 533 530. 

Stuutkvant, A. U,, and vScitut/rz, J. (1931), The inadequacy of the sub-gene 
hypothesis of the nature of the scuta allelomorphs in Drosophila melano - 
gaster. Prot, Nat, A tad. Sri., 17 , 265-269, 

Stuutkvant, A. 11 ., and Tan, 0 . C. (1937). The comparative genetics of D. 
psnidoobsntm and D, mvlanogaster. J. G., 34 , 415-432. 

Sukatsciikw, W. (1928), Kinige exporimcntolle Untersuchungen iiber den 
Kaxnpf urns Oasein zwisohon Biotypcn derselben Art. Z.I.A.V., 47, 


54 74 * 

Surface, Ik M., and Zinn, J. (19*7)* Studies on Oat Breeding. V. F x and F 2 
of A vena saliva mula var biennis x Avena sativapatula var Victor. Tour. 
A nr. Jits., 10, 293 312. J 

Sutton, W. S. (1903), This chromosomes in heredity. Biol. Bull. Biol. Lab. 
Mass,, 4 , 231 24H. 

Sverdrup, A. (1927), Linkage and independent inheritance inPisum sativum. 
J. G„ 17 , 225 J 5 «. 

Svkshnikova, L (1928), Die geuese ties Kerns im Genus Vida. Verb. d. V. 

internal, Noun, J, Vrrcrb., Berlin, Z.I.A.V. , Suppt. 2 , 1415-1421. 
Swindle, W. T, Metaxeniu in the elate palm. J. Hered., 19 , 257-268. 

Sypnikwski, J. (1925), Oodminach i rasach Lupinus angustifolius , I., etc. 
Rev. in Z. Pfl Ziieht., 7 , 1lo-m. 


Tackholm, (L (1922), ZyiologtHche Studien iiber die Gattung Rosa. Acta 
Ilorli B erg i uni, 7 , 97, 381. 

Taiiara, M. (1921}, OytoJogische Studien an einigen Kompositen. Jour. Coll . 
Sd., Tokyo, 43 , 1 53. 

Tan, C. C. (1935), Salivary gland chromosomes in the two races of Drosophila 
pseudthab.se aru, Genet its, 20 , 392-402. 

Tammks, T, (1922), Genetic analysis, schemes of co-operation and multiple 
allelomorphs of Jdnum usitatissimum. J. G., 12 , 19-46. 

Tavi.ok, W. U. (1925), Chromosome constrictions as distinguishing character¬ 
istics in plants, * Amer. Jour. Bat., 12 , 238-244. 

Tkdin, 11 , and O. (1925), Contributions to the genetics of Pisum. TV. 
JJereditas, 7 , 102 128, 

Tkuao, 11 . (jfiij), On the inheritance of self-sterility (Jap.). Jap. Jour . 
Genet its, 2 , 144 155, 

Tkkby, J. (1924)* Ivtudc iVmi cas de caryocin6se irr^guliere dans le rhizome 
du Jiutmmts umbellatus. Bull. Soc. Bot . Belg., 56 , 42. 

Thkllung (iyu), see Zude, A (1918). Dev Hafer, 217-225. Gustav Fischer, 
Jena. 



BIBLIOGRAPHY 


Thompson, D. H. (1931), The side chain theory of the structure of the gene. 
Genetics , 16 , 267-290. 

Thompson, W. P. (1925), The correlation of characters in hybrids of Triticum 
durum and Triticum vulgare. Genetics, 10 , 285-304. 

Thompson, W. P. (1926), Chromosome behaviour in a cross between wheat and 
rye. Genetics , 11 , 317-332. 

Thompson, W. P. (1930), Shrivelled endosperm in species crosses in wheat, its 
cytological causes and genetical effects. Genetics, 15 , 99-113. 

Thompson, W. P. (1931), The cytology and genetics of crosses between 14 and 
7 chromosome species of wheat. Genetics, 16 , 309-324. 

Thompson, W. P., and Cameron, D. R. (1928), Chromosome numbers in 
functioning germ cells of species-hybrids in wheat. Genetics, 13 , 456-469. 

Thompson, W. P., and Hollingshkad, L. (1927), Preponderance of dicoccum- 
like characters and chromosome numbers in hybrids between X. dicoccum 
and X. vulgare. J. G. t 17 , 283-307. 

Thompson, W. P., and Robertson, H. T. (1930), Cytological irregularities in 
hybrids between species of wheat with the same chromosome number. 
Cytologia , 1 , 252-262. 

TimofeEf-Ressovsky, N. (1928), Rttckgenovariationen und die Genovaria- 
bilit&t in verschiedenen Richtungen. Archiv. Entivick. Meek. Org,, 115 , 
620-635. 

TimofeEf-Ressovsky, N. (1931), Die bisherigen Ergebuissc der Strahlen- 
genetik. Ergeb. der med. Strahlenforsch., 5 , 131-228. 

TimofeEf-Ressovsky, N, W. (1934), The experimental production of 
mutations. Biol. Rev., 9 , 411-457. 

Tischler, G. (1925), Ein Beitrag zum verst&ndnis des Certationsprobloms bei 
Melandrium. Planta, 1 , 332-341. 

Tischler, G. (1927, 1931), PSanzliche chromosomenzahlen. Tabulce Biolo¬ 
gies Periodica, 4 , 1-83 ; 7 , 110-226. 

Tischler, G. (1936), Pflanzliche Chromosomen-Zahlen. Tab. Biol., 11 , 281- 
304, and 12,1-115. 

Tjebbes, K. (1931), Polymerism. Bibliographia Genetica, 8, 227-266. 

Tochinai, Y., and Kihara, H. (1927), Studies on the correlations between 
morphological characters, chromosome number and resistance to Puccini a 
triticina in pentaploid-bastards of wheat. Jour. Coll. Agri. Hokkaido 
Imp. Univ., 17 , 133-161. 

Trow, A. H. (1912), Forms of reduplication—-primary and secondary. /. G., 

2, 314-324* 

Tschermak, E. v. (1912), Bastardierungsversuche an Levkojon, Erbsen und 
Bohnen mit Ruchsicht auf die Factorenlehre. Z.I.A.V., 7 , 81-234, 

Tschermak, E. v. (19x4), Die Verwertung der Bastardiorung fllr Phylo- 
genetische Fragen in der Getreidegruppe. Zeitschr. fdr Pflanz., 2 , 
308-311. 

Tschermak, E. v. (1918), Beobachtungen bei Bastardierung zwisehen 
Kulturhafer und Wildhafer (Avena fatua). Zeit.f. Pflanz ,, 6, 207-209, 

Tschermak, E. v. (1930), Neue Beobachtungen am fertilen Artbastard 
Triticum turgido-villosum. Fifth Int. Bot. Congress, Abst. of Com., 152. 

Tschermak, E, v., and Bleier, H. (1926), t)ber fruchtbare Mgilops- Woizen- 
bastarde. Ber. d. deuts. bot. Ges., 44 , 110-132. 

Tschermak-Seysenegg, E, (1930), Uber Xenien bei Leguminosen. Ninth 
Internat. Hort. Cong. Rep., London, 340. 

Tseng, H, P. (1938), Self sterility in Antirrhinum and Petunia. J , G., 36 , 
127-138. 

Turesson, G. (1922a), The species and the variety as ecological units. 
Hereditas, 3 , 100-113. 

Turesson, G. (1922&), The genotypical response of the plant species to the 
habitat. Hereditas, 3 , 211-347. 



bibliography 


403 


Turhsson, ti. (ly-U), The scopo and import of genecology. Hereditas 4 x 7 t. 

176. ’ * ‘ 

Xukksson, ( («uy), Zur Natur unci Begrenzung der Arteinheiten. Hereditas 
1 A 3 - 3 ' 3 M* * 


Tukksson, G. This geographical distribution of the 

some Kurasiatie plants. Hereditas, 15 , 329-346, 


alpine ecotype of 


Vuuicn. C. v (iyi 5 ) (lonetisolt-physiologische Analyse der Heterostylie. 
Jhbhogmphut (rcnetica, 2 , 287 342. J 


Vasiu kv, Ii. (iyz«j), On the cytology of speltoids. Bull, of Bureau of Genetics 
Leningrad , (hnglish summary.) 

Vavii.ov, N. 1 ., and Jakushkina, O. V, (1925), A contribution to the phylo¬ 
genesis of wheat and the inter-species hybridisation in wheats. Bull 
AppL Hot, and Plant-breed,, 15 , 100-159, 

Vavilov, N. L, ami Kouznktsova. K. S. (1923), The genetic nature of winter 
and spring varieties of plants. Ann, Inst, Agron. Saratov, 1,17-41. 

Vkstergaarii, II. A. Ii. (1921), Beobaehtungon von Zuchtgarten Z Pft 
Zticht., 8, 192195. 

Vilmorin, P. de (ion), htudo sur le caracttrc "adherence des grains entre 
<sux " ehez le pois u chenille,” Conf. Inter. Gdndtique, 4 , 368-372. 

Vilmorin, l\ UK, and Bateson, W, (19x1), A case of gametic coupling in 
Pimm. Proc. Pay. Soc,, 84 , 9 91. 


Vilmorin, K. uk, and Simonet, M. (1927a), Variations du nombre des chromo¬ 
somes du*z quelques Solandes. C. R. Acad. Sci., Paris, 184 , 164-166. 
Vilmorin, R. hh, and Simonet, N. (1927a), Nombre des chromosomes dans 
las genres Lobelia, Linum et chez quelques autres esp&ces v6g6tales. 
C. R. Soc. Riot., Paris, 96 , i66-n>8. 


Vilmorin, K. ok, and Simonkt, M. (1928), Kecherches sur le nombre des 
chromosomes chez les Solandus. Verh. d . V. internat. Kong. f. Vererb. 
Berlin, ZJ.A.V., Suppt. 2 , 1520-1536. 

Vries, H. uk (1901), Die Mutationstheoric. Weit & Co., Leipzig. 

Vries, H. de (190O), Geselligo Blumcn. Kosmos, 3 , 276. 


Vries, I I . Die (1913), Gruppenweise Artbildung. Berlin. 

Vries, II. DE (1917), I lalbmutanten und Zwillingsbastardc. Ber. Deutsch. Bot . 


Ges., 35 , 128 135* 

Vries, H. uk (1918), Mutations of CEnothera suaveolens. Genetics, 3 , 1-26. 
Vries, H, ok {1923), Obcr sesquiplex Mutanten von CEnothera Lamarchiana, 
Z, f, Hotanik , 15 , 309, 

Vries, H. uk, and Bokoijn, K (1923), On the distribution of mutant 
characters among the chromosomes of CEnothera Lamarckiana. Genetics, 
8 »* 33 * 43 #. 

Vries, H, ok, and Bordijn, K. (1924), Die Gruppierung der Mutanten von 
CEnothera Lamarckiana , Her. d. deals, bot. Ges., 42 , 174-178. 


W ADDINGTON, C, H. (1929), Pollen germination in Stocks and the possibility 
of applying a lethal factor hypothesis to the interpretation of their breed¬ 
ing. J. CL, 21 , 193-206. 

Wakayama, K. (1930), Contributions to the cytology of Fungi. I. Chromo¬ 
some number of Agaricaceaa. Cytologia, 1 , 369-388. 

Waldron, L. K. (1924), A study of dwarfness in wheat accompanied by 
unexpected ratios. Genetics, 9 , 212-246. 

Wanschkr, J. M. (1934), The basic chromosome number of higher plants. 
New Phyt 33 , 101-126. 



404 


BIBLIOGRAPHY 


Warming, E. (1909), Ecology of plants. _ Oxford. 

Warren, P. L. (1924), Genetic studies in Lycopersirum. I. The heredity of 
fruit shape in the garden tomato. Michigan Arad. Sci., Arts and Letters, 
Papers, 4 , 357 ~ 394 * 

Watkins, A. E. (1924), Genetic and cytological studies in wheat. I. J. G., 14 , 
129-171. 

Watkins, A. E. (1925), Genetic and cytological studies in wheat. II. /. G., 
15 , 323-366. 

Watkins, A. E. (1927a), Genetic and cytological studies in wheat. 111 . J. G., 

18 , 375 - 396 . . 

Watkins, A. E, (1927b), Genetic and cytological studies m wheat. IV. J.G., 

19 , 81-96. 

Watkins, A, E. (1928), The genetics of wheat species crosses. I. /. G., 20 , 
1-27. 

Watkins, A. E. (1930), The wheat species : a critique. J. G., 23 , 173-263. 
Watkins, A. E. (1932), Hybrid sterility and incompatibility. /, G,, 25 , 
125-162. 

Watkins, A. E., and Cory, F. M. (1931), Genetic and cytological studies in 
wheat. V. /. G., 25 , 55-90. 

Weatherwax, P. (1919), Gametogenesis and fecundation in Zen Mays as the 
basis of xenia and heredity in the endosperm. Ball. Toney Bot . Club, 
46 , 73-90. 

Webber, John Milton (1930a), Chromosome number and morphology in 
Nicotiana . V. The character of tetraploid areas in chromosomal chimeras 
of N. sylvestris, speg and comes. Univ. Calif. Pub. Bot., 11 , 355-366. 
Webber, John Milton (1930b), Interspecific hybridisation in Nicotiana. 
XI. The cytology of a sesquidiploid hybrid between Tabacum and 
sylvestris. Univ. Calif. Pub. Bot., 11 , (19), 319-354. 

Weinstein, A. (1918), Coincidence of crossing-over in Drosophila mekmogaster. 

Genetics, 3 , 135-173. • 

Weinstein, A. (1928), The production of mutations and rearrangement of 
genes by X-rays. Science, 67 , 367-377. 

Weinstein, A. (1936), The theory of multiple-strand crossing-over. Genetics, 
21, 155 - 199 . 

Weiss, F. E. (1930), The problem of graft hybrids and chimasras. Biol. Review, 
5 , 231-272. 

Wellensiek, S. J. (1925a), Pisum crosses I. II. Genetica, 7 , 2-64 ; 337-364. 
Wellensiek, S. J. (1925b), Genetic monograph on Pisum. Bibliographia 
Genetica, 2 , 343-476. 

Wellensiek, S. J. (1927), Methods for calculating the actual gametic F a 
series from a given zygotic series. Genetica, 9 , 329-340. 

Wbnrich, D. H. (1917), Synapsis and chromosome organisation in Chorthippus 
(Stenobothrus) curtipennis and Trimerotropis sujfusa (Orthoptera). Jour. 
Morph., 29 , 471-518. 

Wentz, J. B (1924), Heritable characters of maize. XVIII. Miniature germ. 
/. Hered., 15 , 289-272. 

Westergaard, M. (1936), On the satellites in the eversporting Matthiola 
races. C.R. Trav. Lab. Carls., 21 , 195-204. 

Wettstein, F. v. (1924a), Morphologie und Physiologic des Formwechsels der 
Moose auf genetischer Grundlage. I. Z.I.A.V., 33 , 1-236. 

Wettstein, F. v. (1924b), Gber Fragen der Geschlechtsbestimmung bei 
Pflanzen. Naturenwissenschaft , 12 , 761. 

Wettstein, F. v. (1928a), Uber plasmaticshe Vererbung und liber das 
Zusammenwirken von Genen und Plasma. Ber. d. deuts. bot . Ges., 46 , 
32-48. 

Wettstein, F. v. (1928b), Morphologie und Physiologie des Formwechsels der 
Moose auf genetischer Grundlage, II. Bibliotheca Genetica, 10 , 1-216. 



BIBLIOGRAPHY 


405 


Whkli»A ijK* M 'L*) in). !>«• VVrerbung der Bliitenfarbe bei Antirrhinum majus. 

WnKLDALH, M., siu«l B ass kit, I L (I 91 3), The (lower pigments of Antirrhinum 
nmjus. II, The pale yellow or ivory pigment. Biochcm, Jour., 7 , 441- 
4 4 4. 

Wiikloalk, M., anti Bass kit, IL (1914), The chemical interpretation of some 
meudeliau factors lor tlnwei colour. Pror, Roy. Stic., 87 , 300-31 t. 

Wilcox, M. S, (nu<S), I hi* sexuality anti arrangement of the spores in the ascus 
of Se tiros fun u M\h oh>gia, 20, 3 17. 

Williams, L, I*'., ami Williams, G. S. ( 1938 ), Abstract: Soya beans. 
Genetie a, 23 , 1 yn, 

Williams, K, lb (nu*»h Studies eoneerning the pollination, fertilisation and 
breeding ot led clover, t nit>. ( oil. f Pairs, Welsh Plant Brooding Station. 
Series II,, 4 , 

Wilson, H. B. (nu.'i), Tin* roll in development, ami heredity. Third Edition. 
Macmillan. New Yolk, 

Winok, (). (toi y), Tin* eluomo,somes. 'Their numbers and general importance. 
Combi, Rend, 7 We. Labor, ('arlMerg, 13 , 131 275. 

Wingf, O. (into), < >n the mm■mendelain inheritance in variegated plants. 
7 We. Lain)?, Curhherg, 14 , 1, 

WiNtiK, G, (hum), ^ybdogist he t'utersudmngen ilbtsr Speltoide und andere 
mutaleudhnlieln* Abeiianten beitn Wei/.en. lleredilas, 5 , 241-286. 

Wingk, 0 . (HU/h * bi a r linked gene in JMelandrium. Hereditas, 9 , 274-283. 

Wingiv, 0 . (mm*). 1 he inheritance of double llowers and other characters in 
Matthiola, Z.etls, /, /duhtttng, 27 , 1 jH 135. 

Winok, 0 . (1030), Linkage in Piston, C,R. Lab, Carlshcrg, 21 , 271-343. 

Winklku, H. (loioj, fiber die experimenlelle Krzeugung von Pfianzen mit 
abweiehendrn Chroiimsomenzahlen. Zeilsehr. /. Bot., 8 , 417-544. 

Winklku, 11 . (1030), Die Konvershm der Gene. Jena. 

dk Winton, D. {hu s), Further linkage work in Pimm sativum and Primula 
sinensis. Verb, d. |\ internal, Kong. f. Vererb., Berlin. Z.I.A.V., 
Suppt,, 2, 1 *, 0 .{ H100, 

DM Win ion, lb, and Haldani*:, j. B. S. (1931), Linkage in the tetraploid 
Primula sinensis, J, (#., 24 , 121 144. 

dk Winton, lb, and Haldank, J. B. S. (1033), The Genetics of Primula 
sinensis, II. Segregation amt interaction of factors in the diploid. 


J . G t , 27 , 1 44. 

Die Winton, lb, and Hai.iiank, J. B. S. (1935), The genetics of Primula 
sinensis. 111 , Linkage in the diploid. J. (»,, 31 , O7-100. 

Wit, F. (1*137), Gout libations to the genetics of the China aster. Genetica, 19 , 


1 *04. 

Woomvou ni, C, M. (nu,3), Calculation of linkage intensities where duplicate 
factors are eiuieernetl, Genetics, 8, *ob-115. 

Wanner, S. (uiJiia t b), Systems of mating, L, IL Genetics, 6, 111-123, 124- 
143. r 

Wkiuiit, S, (193*1), The genetica! theory of natural selection—a review. /. 

lie red,, 21, 34*1, , . 

Wui(ai t, S. (to t 1}, Evolution in numdeiian populations. Genetics, 16 ,. 97-159* 
Wuuarr, S, (103,!), The rtite s tif mutatiou, inbreeding, cross-breeding, and 
select i*m in evolution. Pros. VL hit, Cong, Genetics, 1 , 356-366. 


Yarn km,, S. H, (uu<i), Mmonm in ;i triptoid Frugaria. Proc. Nat. Acad. Sci., 

15 8f$ -H14 

Yarnku., S.' 1 l. (i t>31), Is. .study of curtain polyploid and aneuploid forms in 
Pragaria, Gandies, 16 , 455-489. 



4 o6 BIBLIOGRAPHY 

Zade, A, (1912), Die Zwischenformen vom Flughafer (Avena fatua) und 
Kulturhafer (A. sativa). Fiihlings Landw . Ztg., 61 , 369-384. 

Zade, A. (19x8), Der Hafer, 217-225. Gustav Fischer. Jena. 

Zeleny, C. (1920), A change in the Bar gene of Drosophila melanogaster 
involving further decrease in facet number and increase in dominance. 
Jour. Exper. Zooh, 30 , 293-324. 

Zeleny, C. (1921), The direction and frequency of mutation in the Bar-eyed 
series of multiple allelomorphs of Drosophila. Jour. Exper, Zool., 34, 
203-233. 

Zickler, H. (1931), Uber kunstliche Erzeugungen von Miktohaplonten bei 
Askomyzeten. Biol. Zentralbl ., 51 , 540. 

Zickler, H. (1937), Die Vererbung des Geschlechts bei den Askomyzeten 
Bombardia lunata. Z.I.A.V., 73 , 403-408. 



INDEX 


K.L. after a reference indicates that the Key to Literature contains 
further information. 


MGILOPS , 298, K.L, 
albinism, 211, 219 
Akumliscus, 5,1 
allelomorph, 18, 114 
multiple, 115 et seq. 
step, 130 

allopolyploid, 173,198, K.L. 

and evolution, 220, K.L. 
allosomes, 75 
allosyndesis, 173,198,202 
allotriploid, 225 

alternation of generations, genes for, 
334 , KX. 

% amphiplasty, 322 
* anaphase, 8 
aneuploid, 161, 225, K.L. 

gametic output 0^32, 243 
anthocyanin, 30 
anthoxanthin, 30 

Antirrhinum , 24, 31, 141, 331, K.L. 
("genes") 
balanced lethals, 65 
linkage, 70, 79 
multiple allelomorphs, X22 
mutable genes, 115, 119 
apple, 222 
incompatibility, 45 
Aquilegia, 141 
A scans, 2 
Aseomycote, 50 

association of chromosomes, 96, K.L 
Aster, 32 

** asynapsis," 160 
autopolyploid, X73 ct seq,, K.L, 
aulosyndesis, 173, 198, 200, 202 
Avena, sec Oats/ 
aversion, 49 


BALANCE, 239, 337, K.L. 

(" Datura ") 
in pollen, 243 

balanced lethal factors, 04, 265 
Bar eye, 127 
barley, 207, K.L, 


basic number, 160 
Basidiomycotos, 51 
bivalent, 12 
disjunction, 15 
bobbed, 105, 189, 336 
Brassica, 46, 79, see also Buphunus- 
Brassica 
haploid, 249 

incompatibility, 46, K.L, 

CHIMERAS, 147 et seq., K.L. 
chlorophyll deficiencies, 64, 68,142 
chromatid, 10,84, K.L. 
interference, 91 

segregation, 99,102, x8r, K.L. 
chromatin bridge, 262, K.L. 
CHROMOSOME, 1, K.L. 
association, 96 
basic number, 160 
disjunction, 5,15 
doubling, 166, K. L. 
hcteromorphic, 74 
-linkage, 256,* K.L. 
maps, 98,108,290 
nodal points, 94 
pairing and homology, 252 
rings, 253 et seq„ K.L. 
sex-, 74 

Chrysanthemum, 161, 342 
clover, 47 

coincidence, 92, 94, 104 
colchicine, 162, K.L, 

Collybia , 53 

colour factors, 23, 30, xxG 
compensating chiasmata, 91 
competition of eggs, 269 
of pollen tubes, 37, 233, 270 
complementary chiasmata, 90 
factors, 23 et seq, 
complexes, 266, 271, 289 
constrictions, 6, 7, 8 
and crossing-over, 104, X07 
Coprinus , 53 
coupling, 73 
in tetraplokls, 192 


407 



408 


INDEX 


Cratcego-M espilus , 148, 150 
Crepis , 171, 3x6 et seq. 
haploid, 249 

individuality of the chromosome, 5 
CROSSING-OVER, 
conditions, 75, 82, 88, 97, 103, K.L. 
centromere and, 100 
double-, 92 et seq,, K.L. 
four-strand, 97, K.L. 
maps, 104, K.L. 
nodal points, 94 
in polyploids, 191 
and position, 100, K.L. 
progressive, 103 
proof of, 84 
randomness of, 101 
recurrent, 103 

segmental interchange and, 84, 256, 
K.L. 

in somatic tissue, 123, K.L. 
in tetraploids, 191 
variation in, in, K.L. 
value, 76 

Cryptic type, 255, K.L. 
cytological and genetical maps, 109, 
K.L. 

interference, 95 
cytoplasmic effects, 67 


DAHLIA, 31, 119,187, 190, 336 
Datura autotetraploids, 174, 180 
chromatid segregation, 102, K.L. 
cryptic type, 255, K.L. 
cytology, triploids, 229, K.L. 
duplications, 243 
Globe, 242 
haploids, 246, K.L. 

Nubbin, 242 
pollen, 232, 243, K.L. 
trisomics, 231 et seq., K.L. 
deficiencies, chromosome, 245, 262, 
K.L. 

endosperm, 59 
Delphinium, 119 
differential segment, 279 
Digitalis, 168 
dikrat, 49 
diplotene, 10 

disjunction, see non-disjunction 
in rings, 255 

dominance, 20, 34, 137, 138 
incomplete, 23 

polyploidy and, 185 et seq., 336 
xenia, 54 * 

double crossing-over, 92 

progressive and recurrent, 103 


DROSOPHILA, 6, 16, 339, 342, K.L. 
attached-^, 101 
allelomorph, multiple, 116 
step,130 

balance, sex, 239 et seq. 
balanced lethals, 66 
Bar, 127, K.L. 

Beaded wing, 66 
bobbed, 105, 189, 336 
chiasmata, 89, K.L. 
coincidence, 92 
crossing-over, 82, 86, K.L. 
in males, 124, K.L. 
in somatic tissue, 123, K.L. 
time of, 97, K.L. 
in triploids, 97, K.L. 

Dichmte, 338, K.L. 
eye transplants, 33, K.L. 
inert regions, 106, K.L* 
maps, 98, 104, K.L. 
melanogaster and virilis, 112 
Minute, 123, K.L. 
polytene, 95 

salivary gland, 106 K. L. 
scute, 130 
sex, 74, 240 

structural changes, 261, K.L. 
duplex, 177, 

duplicate factors, 144, 211 
duplications, 104, 129, 243, 262, K.L. 


ECTOGENY, 56 
Elodea, 39 

endosperm, development, 59 
in polyploid hybrids, 226 
mosaic, 125, K.L. 
xenia, 54 
See Zea. 

environment and crossing-over, 112, 
K.L. 

Epilobium, 67, 70 

cquational separation, 100, 103, K.L, 
equatorial plate, 7,13 
euchromatin, 107, K.L. 
euploid, i6x, 225 


Fi, 18 

factor or gene, 20, 115, 337, K.L. 
complementary, 20, 34 
duplicate, 34, 143, 210 
epistatic, 34 
hypostatic, 34 
incompatibility, 40 
interaction of, 23 
lethal, 34, 56 



INDEX 


409 


factor or gene— contd. 
pleiotropic, 34 
polymeric, 34, an 
sympathetic, 40 
fatuoid oats, 212 
fern, 21, 146, K.L. 
fertilisation, 1 
fertility, 176, 226 
end-season, 47 
in (Enothera, 226 
of haploids, 247 

of polyploids, 176, 228, 232, K.L. 
of structural hybrids, 255, 262, 
K.L. 

•figure-of-eight, 85, 280 
Fisher, 138 
flaking, xxc> 
flavone, 30 

four strand crossing-over, 97, K.L. 
Fragaria, 169, 202 
fragmentation, 104, 241, K.L. 
Fritillaria , 12, 89 
Fun aria, 16, 67, 163 
Fungi, 49, 102 


GALEOPSIS , 169, 297 
GAMETES, 

chromosome doubling in, 166 
coupling of, 73 
of allopolyploids, 205 
of autopolyploids, 178 ct seq. 
of triploids and trisomics, 230 e tseq. 
purity of, 197 

gametogenesis, abnormalities of, 166 
genes, 2 

influencing meiosis, it 2, K.L. 
Goldschmidt’s theory, 140 
size, X37 

also see factor, 
gonecology, 344 
Geranium, O9 
gigas forms, 160, 175 
Goldschmidt, 134, 140 
graft-hybrid, 1,47 


HALF-MUTANT, 284 
haploids, 245-251 
haplo-forms, 240, 315 
heat treatment, 162, K.L, 
heterochromatin, 107, K.L. 
heteromorphie chromosomes, 74, K.L 
heteroploid, iOi, K.L. 
heterosis, (>7, 201, K.L. 
heterothallism, 49 
heterozygous, 39 


homology, 252, K.L. 
homozygosis, 99 
Hordeum, 142, 207, 211, K.L. 
hybrids, 

reciprocal differences in, 67 
vigour in, 67, 201, K.L. 


INCOMPATIBILITY, 40, 49, K.L 
secondary polyploidy and, 224 
inert regions, 104, 107, K.L. 
interaction of factors, 23, x86, 336 
interference, 94 ct seq., K.L. 
inversions, 104, 262, K.L. 


LASm/EA, 146 
Lathyrus, 23, 73, 79 
leptotene, 9 
maps, X09 

lethal factors, 56, 267, 274, K.L. 
balanced, 64, 275 

linkage, 73, 79, see crossing-over, 
Fungi and catenation 
Linum , 30, 68 
Lupinus, 30 
Lycopersicum, 

autotetraploids, 174 et seq., K.L, 
balance, 241 

chromatid segregation, 10 1 
linkage, 79 
trisomic, 232, 237 
Lymantria, 134 


MAIZE, 16, 24, K.L. 
abnormal meiosis (" asynapsis ”), 
166, K.L. 

aleurone characters, 24, 125 
allelomorph, multiple, 117 
balanced lethals, 64, 66 
chlorophyll deficiencies, 144 
chromatid crossing-over, 97, K.L. 
coincidence values, 93 
cytoplasmic effect, 69 
deficiencies, 126, K.L. 
flinty-floury, 54 
genes, 76 

hormones, 67, 334, K.L. 
linkage groups, 80, K.L. 
male-sterility, 69, x66, K.L. 
mosaicism, 125, K.L. 
pollen, 35 

ring-chromosomes, 2 63 
rings of four, 252 ct seq., K.L. 
structural changes, 252 
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MAIZE—contd. 
sugary, 37 

trisomic, 99, 228, KX. 
triploid, 228 
tunicate, 64 
virescent, 144 
waxy, 35, 264 
xenia, 50 

male-sterility, 67, 166 
maps, genetical and cytological, 80, 
98, xo8 

mass mutants, 286 
maternal inheritance, 141 
Matthiola, 24, 57, 79, 231 
maturation division, 2 
megaspool selection, 230, 269 
meiosis, 2, 8,14, KX. 
abnormal, 166, KX. 
in polyploids, 14 
Melandrium, 38, 39 
Mendel's laws, 18 
mericlinal, 149 
merogeny, 247 
metaphase, 7 
metaxenia, 56 
Mirabilis, 142 
mitosis, 1, 6 
monosomic, 315, KX. 
mosaicism, 125 

mosses, see Funaria, Physcomitrium 
regeneration, 163 
mutable genes, 119, KX. 
mutations, 118,129, KX. 

CEnothera, 266, KX. 
multiple allelomorphs, 114 


NEGATIVE correlation, 96 
Neurospora, 50,102 
Nicotiana, 63,169, 305 
cytoplasmic effect, 70 
deformis, 63 
haploid, 246, 249 
incompatibility, 40 
linkage, 79 
monosomies, 315 
somatic doubling, 165 
triploids, 226 

variegation and chromosomes, 315, 
316 

non-disjunction, 15, 100, 174, 228, 
225, KX. 
nucleus, x 

nullification of meiotic division, 
166, K.L. 
nulliplex, 177 


OATS, albinism in, 211, 219, K.L. 
fatuoid, 212 
genes, 206 et seq KX. 

CEnothera , 264 etseq., K.L, 
cextation, 38, 270 
complexes, 271 
half-mutants, 284 
haploids, 246 
lethals, 65, 275 
mutations, 264 et seq. 
reciprocal differences, 67, 273 
starch, 39 
trisomic, 295 
oppositional factors, 40 
Oryza, 20 


PACHYTENE, 10 
pairing of chromosomes, 252, KX. 
Papaver, 31, 161, X73, 221 
partial allelomorphism, 130 
pelargonidin,30 
Pelargonium, 31, 145, K.L. 
pentaploid, 300 
periclinal, 149 
Pharbitis , 28, 31, 79, 118 
Phaseolus , 116 
j PJileum, 168, 342 
Phrynotettix, 3 
Physcomitrium, 67 
Pisum, 79, 84, 117, 252, K.L. 
plant pigments, 30 
plasmon, 67, KX. 
plastid, inheritance, 142, K.L. 
pleiotropic, 34 
plum, 44, 221 
pollen, 35, 39, 47, 243 
abortion, 256, K.L. 
polymeric factors, 200, 211 et seq. 
polyploid, 14, 176, 226, K.L. 

see also alio-, auto-polyploid, 
triploid 
cells, 164 
secondary, 222 
-series, 161 

and evolution, 313, K.L. 
Polystichum, 21 
polytene, 109, K.L. 
populations, 339 et seq . 

Portulaca, 29 
position effect, 127, K.L. 
preferential pairing and segregation, 
197 * 229, K.L. 
presence and absence, 114 
primary trisomic, 231 
prime type, 255, K.L, 

Primula acaulis, 31 
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Primula kewensis , 165, 176, 228 
Primula sinensis, 27, 29 
flower shape, 56 
linkage, 80 
tetraploid, 174,179 
crossing-over variation, nr 
progressive crossing-over, T03, 195 
prophase, 7 
proximal chiasrna, 95 
Prunus , 221 
pseudo-linkage, 256 
pure line, 337 
purity of the gamete, 197 


QUADRIVALENT, 15, 174 
quadruplex, 177 
quantitative, 
difference of genes, 115 
expression, 185 
inheritance, 167, K.L, 


RAPHANUS-BRASSICA, 168, 227 
reciprocal chiasmata, 90 
translocation, 104, 252, K.L, 
recombination, 73, 75 
recovery, 126 

reduction, double, 183 et seq. 

-al separation, 100 
reduplication theory, 73 
Renner, effect, 268 
rest of, 281 
repeats, 26x, K.L. 
repulsion, 73, 192 
restitution nucleus, 167 
rice, 20 

rings, chromosome, 85, 252 et seq. 
Ruhus, 17x, 203, 207, 222 
Rudbeckia , 25, 35 
Rumex, 39 

SALIVARY gland chromosomes, 100, 
108, K.L. 

Sal'ix, 169 
Sec ale, 96, 298 
secondary diploid, 45 
pairing, 22 X 
polyploid, 222 
trisomies, 234, K.L. 
segmental interchange, 82, 102, 252, 
K.L, 

semi-sterile, 255, K.L. 
separation, equation al, 50 
reductional, 50 
and segregation, 99 et seq, 
ex chromosomes, 74 


shift, 201 
simplex, 177 
siae of gene, 137 

Solarium, 79, 1 o 1, x 7 4 , 2 3 2, 2 3 7 
•SY'tf f.ycopcrsirttm. 
crossing-over, 123 
somatic doubling, i(>2, K.L. 

segregation, 124, K.L. 
soya bean, no 
speltoid, 2i 2 
Sphwrocarpos, 103 
spindle-fibre, 7 
spore-tetrad, it> 
sporophyte, 1 
Stcnobnthrus, 10, It, 89 
sterility, 

of polyploids, 170, K.L. 
of triploids, 229 
semi-, 48, 255, K.L. 
Stixolobium, 48 
Stocks, 57, »S 7 r Matthwla, 
strawberry, see Pragma 
structural hybrids, 252, K.L. 
sub-gene, 130 
sub-lethality, 63 
sweet pea, 23, 73, 79 
sympathetic factors, 46 
syndiploidy, 167, K.L. 


TEMPERATURE, 

and crossing-over, m, K.L, 
and polyploidy, 107, K.L. 
ternumilisation, 13 
tertiary trisomies, 2O1 
tetrakrat, 49 

tetraploid, 227, 173 H seq., K.L. 
tetrasornic, 241 
tetrad analysis, 17 
three-point tests, <13 
time-factor, 71, K,L. 
tomato, see J .y coper sir urn 
translocation, 48, 104, 106, 252, K.L, 
effect on crossing over, no, K.L, 
reciprocal, 252, K.L. 

Trifolium * 47 
Trimerotropis, 3 
triplex, 177 

triploids, zz$etseq., K.L,, 
trisomies, 99, 231 et seq. K.L, 

Datura, 234, K.L. 
l.wopersit um, 234, 235 
inouomorphte, 295 
(Knothera, 29r, 295, K.L. 
primary, 231, K.L, 
secondary/tertiary, 234, K.L. 

Zea, 99, 234, K.L. 
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Triticum, 298 et seq., K.L. 
shift, 201 
speltoid, 212 
trivalent, 15 

twin seedlings, 165, K.L. 


UNIT characters, 20 
univalent formation, 15, m 
Nicotiana , 308 


VARIEGATION, ii8, 141, K.L. 
Verbascum, 45 
Verbena , ng 


Vida , 70, 80, 95 
Viola , 328 
virus, 141 
Weismann, 20 
wheat, 20X, 206, 298, K.L. 
shift, 201 
speltoid, 212 


A-CHROMOSOMK, 76 
X-rays, 104, 137, K.L. 
xenia, 54 


ZEA , 16, 24, 69, 80, 97, 120, 252, 334, 
K.L. See maize. 
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